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ABSTRACT 
 
 Hydroclimatic and circulation variability in regions around the Atlantic sector are 
linked to the intensity, location, and areal extent of the North Atlantic subtropical high 
(STH).  Few analyses focus directly on the influence of the STH on climatic variability. 
Using sea level pressure (SLP) data from the NCEP/NCAR Reanalysis dataset, a time 
series of the STH was produced using principal components analysis (PCA) to describe 
the temporal variability of the STH from January 1948 to December 2001.  A simple area 
average of SLP across the PCA domain is shown to describe the same phenomena (the 
dominant mode of the STH variability) with r2=0.828.  Given the ability of a simple 
areal-average to reproduce PCA results, the areally-averaged subtropical North Atlantic 
SLP (STHTS) is used to define STH variability in all of the analyses and is correlated with 
global moisture and circulation variables.  
Spectral analyses were performed on STHTS to detect cyclic behavior for all 
months and for each of the four seasons: winter (DJF), spring (MAM), summer (JJA), 
and autumn (SON).  Results indicate a 4.5 year peak for the all-month STHTS, while the 
seasonal power spectra indicate significant peaks around 2.6-2.8 years for DJF, 3.6-3.8 
years for MAM, 2.8-3.0 and approximately 7 years for JJA, but no significant peaks at 
the 90 percent confidence level during SON.   
Three-month seasonal means were calculated from January 1948 to December 
2001 using hydroclimatic and circulation variables and correlated with STHTS.  Effects of 
the STH’s variability around the Atlantic sector and for specific regions (Brazil, 
Sahel/Guinea, East Africa, North America, and the Great Plains low-level jet region) are 
described.  Results are generally consistent with published research but with some 
 xiv
 xv
interesting exceptions and implications.  Increased (decreased) precipitation and 
atmospheric moisture content were found throughout much of the year over Brazil 
(Sahel/Guinea), and during DJF over East Africa with a more intense STH.  Over North 
America and the Great Plains LLJ region, the large spatial scale for which data were 
available, the heterogeneity of the terrain and extremes of climate from the warm to cool 
seasons prevent a consistent analysis, but results for other regions are consistent.      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 1: INTRODUCTION 
Circulation and its variability in the subtropical North Atlantic is dominated by 
the intensity, extent, orientation, and location of the subtropical high (STH) pressure 
center known as the Bermuda High, or the Azores High.  The persistent clockwise 
circulation about the STH generates the trade winds across the tropical Atlantic and, with 
the assistance of the Icelandic Low, help produce the midlatitude westerly flows.  On the 
western side of the North Atlantic sector, the STH produces moist, southerly flows over 
eastern North America, primarily during the warm seasons, while along the eastern side 
of the basin, the strength and location of midlatitude westerly flow impacts Eurasia and 
the Mediterranean.  Variations in the intensity and location of the STH, in concert with 
those of the Icelandic Low, induce circulation anomalies around the Atlantic sector 
known as the North Atlantic Oscillation (NAO).  Around the tropical Atlantic sector, the 
strength of the northeasterly trade winds impacts the latitudinal location of the 
Intertropical Convergence Zone, influencing precipitation variability across equatorial 
Africa and South America.   
The NAO is a major source of interannual variability in the atmospheric 
circulation of the Northern Hemisphere and an important element of Atlantic climatic 
variability, particularly during boreal winter.  The North Atlantic STH comprises the 
southern part of the oscillation and is present throughout the year.  The NAO exhibits 
decadal variations of intensity producing periods of stronger and weaker atmospheric 
circulation over the North Atlantic.  Over the past two decades, the NAO has intensified 
and has been linked to numerous regional climate anomalies around the Atlantic sector, 
such as prolonged drought over the Iberian Peninsula and increasing wintertime 
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temperatures over much of Eurasia (Hurrell, 1995; Marshall et al., 2001).  A better 
understanding of the climate impacts of the North Atlantic STH may lead to increased 
knowledge of the NAO’s impacts on regional climate variability. 
 The major moisture source regions for the eastern two-thirds of the U.S. are the 
Gulf of Mexico and the Atlantic Ocean.  Several synoptic-scale events occur across the 
eastern U.S., which produce southerly flow believed to advect copious amounts of 
moisture and latent heat energy over the continent from the source regions (Helfand and 
Schubert, 1995; Davis et al., 1997; Higgins et al., 1997).  These events include the 
development of the Great Plains low-level jet (LLJ), low-level jets ahead of mid-latitude 
traveling cyclones, and general southerly wind events, all of which occur most often 
during the boreal spring and summer (Higgins et al., 1996; Higgins et al., 1997). 
 Previous studies have speculated that the circulation associated with the western 
side of the North Atlantic STH is the mechanism for moisture transport during these 
synoptic events (Helfand and Schubert, 1995; Higgins et al., 1997; Woodhouse and 
Overpeck, 1998).  During boreal spring, the North Atlantic STH begins to increase in 
intensity until reaching its maximum strength and spatial extent by the end of boreal 
summer, the periods associated with the aforementioned synoptic events.  The intra- and 
inter-annual behavior of the North Atlantic STH has been documented (Davis et al., 
1997; Mächel et al., 1998; Hasanean, 2004), while relatively few studies have analyzed 
the STH’s effects on hydroclimatic and circulation variability over certain regions 
(Henderson and Vega, 1996; Keim, 1996; Kapala et al., 1998; Hardy and Henderson, 
2003) or during certain seasons (Winkler et al., 1996) across North America.   
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Various other studies have analyzed atmospheric circulation variability associated 
with precipitation anomalies in tropical Atlantic sector, such as Sub-Saharan Africa 
(Hastenrath and Wolter, 1992; Lamb and Peppler, 1992) and the Nordeste Region of 
Brazil (Hastenrath, 1990), which are found to be associated with fluctuations in the North 
Atlantic STH.  Numerous analyses relate fluctuations and trends in the inter-hemispheric 
sea surface temperature gradient to the variability of the STH (e.g. Wagner, 1996; 
Hasanean, 2004).  Other studies analyze effects of the North Atlantic Oscillation (NAO) 
on regional climate variability (Hurrell, 1995; McHugh and Rogers, 2001).  However, no 
previous studies have directly analyzed the behavior of the North Atlantic STH on 
hydroclimatic and circulation variability of North America and various other regions 
around the Atlantic sector. 
This study examines the effects of the interannual variability of the North Atlantic 
STH on precipitation and moisture variability around the Atlantic sector, focusing 
specifically on North America and the Great Plains LLJ region, the Amazon Basin, the 
Sahel/Guinea region, and East Africa.  Across North America, a strengthened STH is 
expected to produce positive precipitation and moisture anomalies east of the Rocky 
Mountains primarily during warm seasons when the Great Plains LLJ is most active and 
southerly flow is predominant.  Physical reasons for these expectations are 1) increased 
moisture flux over the continental interior from the Gulf of Mexico and the Atlantic 
Ocean resulting in warmer, more unstable moist air masses and 2) increased blocking of 
midlatitude cyclones, prolonging the amount of time they spend over the continent before 
traversing the North Atlantic.  In the tropical Atlantic regions, a more intense North 
Atlantic STH is expected to 1) increase the strength of the northeasterly trade winds, 2) 
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decrease cross-equatorial flow associated with the southeasterly trade winds of the 
tropical South Atlantic, 3) induce a southward latitudinal shift of the ITCZ, and 4) result 
in positive precipitation and moisture anomalies over Northeast Brazil and negative 
rainfall receipt over the Sahel and Gulf of Guinea region as a result of the southwards 
shift of the ITCZ.  For East Africa, a strengthened North Atlantic STH is expected to 
produce negative precipitation anomalies during boreal winter as noted by McHugh and 
Rogers (2001), given their negative correlation between the NAO and East African 
rainfall. 
The North Atlantic STH will be defined by producing an index of circulation 
variability associated with the STH across the subtropical North Atlantic. The STH’s 
effects on rainfall receipt, circulation anomalies, and moisture variability over North 
America and the Great Plains LLJ region, the Nordeste region of Brazil, the Sahel/Guinea 
region of tropical North Africa, Eastern Africa, and areas of Europe shall be discussed. 
CHAPTER 2: LITERATURE REVIEW 
 Atmospheric circulations over the North Atlantic Ocean, particularly the North 
Atlantic Oscillation (NAO) and associated subtropical high pressure system (STH), 
greatly influence the climates of land surrounding the Atlantic sector.  The NAO accounts 
for a large percentage of atmospheric variability in the North Atlantic sector, especially 
during the cool seasons (Barnston and Livezey, 1987; Hurrell, 1995; Marshall et al., 
2001).  Fluctuations of the North Atlantic STH and the NAO influence the intensity of 
flow patterns across the Atlantic, such as the westerlies and northeasterly trade winds, 
resulting in significant impacts on surrounding continents (Hurrell, 1995; Davis et al., 
1997; Marshall et al., 2001).   
The NAO is associated with changes in sea surface temperature anomalies from 
the midlatitudes to the equatorial regions of the North Atlantic (Marshall et al., 2001).  In 
response to anomalous air-sea fluxes associated with the NAO, the leading pattern of SST 
variability in the North Atlantic Ocean, during boreal winter, is an anomalous SST 
pattern known as the SST tripole, with negative (positive) SST anomalies in the tropics 
and midlatitudes and positive (negative) SST anomalies across the subtropics associated 
with stronger (weaker) winds (DaSilva et al., 1994; Marshall et al., 2001).   
Tropical Atlantic SSTs have also been a focus of intense study in recent years. 
Nobre and Shukla (1996) found a basin-wide fluctuation between tropical SST and the 
trade winds, where SST anomalies straddle the mean position of the ITCZ in association 
with changes in trade wind intensity and cross equatorial flow.  Nobre and Shukla (1996) 
and Enfield and Mayer (1997) found that stronger (weaker) than normal trades are 
associated with negative (positive) tropical SST anomalies.  Early studies suggested that 
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the SST anomalies produced a dipolar structure straddling the equator, leading to the idea 
of the tropical Atlantic SST dipole; however, numerous studies have shown no significant 
correlation between the SST anomalies (e.g. Houghton and Tourre, 1992; Enfield and 
Mayer, 1997; Dommenget and Latif, 2000).  Although the SST anomalies on both sides 
of the equator are not part of a seesaw fluctuation, as suggested by a dipole, the cross 
equatorial SST gradient does greatly affect tropical Atlantic climate by producing 
concomitant shifts in the latitudinal position of the ITCZ (Marshall et al., 2001). 
 The major moisture sources for the eastern U.S. are the Gulf of Mexico and the 
Atlantic Ocean.  Since the U.S. lies in the latitudes of the westerlies, the Atlantic Ocean 
does not provide as much moisture as the Gulf of Mexico.  Southerly winds are thought 
to advect moisture and latent heat energy from the Gulf of Mexico across the eastern U.S. 
(Helfand and Schubert, 1995; Davis et al., 1997; Higgins et al., 1997).  Several synoptic-
scale events occur across the eastern U.S., which transport high amounts of moisture.  
These events include the development of the Great Plains LLJ, LLJs ahead of mid-
latitude traveling cyclones, and general southerly wind events.  Spring and summer 
receive the maximum occurrence of these events (Higgins et al., 1996; Higgins et al., 
1997).  During spring, the Atlantic subtropical anticyclone begins to increase in intensity 
and by the end of the summer it reaches its maximum.  Previous studies have speculated 
that the circulation associated with the western edge of the Bermuda High (the southern 
component of the NAO) is the origin of the moisture transported during these synoptic 
events (Helfand and Schubert, 1995; Higgins et al., 1997; Woodhouse and Overpeck, 
1998).  
 6
 In this section the NAO and its effects around the Atlantic region are described; a 
description of the Great Plains LLJ and its contribution to moisture transport into the U.S. 
is provided; and a brief climatology of the North Atlantic STH is provided in this section 
to explain the effects of the STH on the moisture variability and circulation around the 
Atlantic basin.  A discussion of the SST tripole and cross equatorial flows associated with 
a displacement and strengthening of the STH is also provided. 
2.1 North Atlantic Oscillation           
The North Atlantic Oscillation (NAO) is a large-scale surface and upper-air 
atmospheric circulation over the North Atlantic Ocean present throughout most of the 
year.  This circulation transfers mass between the subpolar low-pressure system near 
western Greenland and Iceland (Icelandic Low, IL) and the subtropical anticyclone, or 
high-pressure system (STH), located near the Azores or somewhat westward (Lamb and 
Peppler, 1987) (see Figure 2.1).  The transfer of mass to the STH from the IL causes an 
increase in pressure of the high and a decrease in pressure of the low, and vice-versa, 
influencing the intensity and location of the westerlies.  The "seesaw" in winter 
temperatures between Greenland and Northern Europe described by van Loon and 
Rogers (1978) and Rogers and van Loon (1979) is a result of this atmospheric transfer of 
mass and strengthening/weakening of the westerlies.  The positive phase of the NAO 
indicates an increase in the sea level pressure (SLP) gradient between the STH and IL; as 
the STH’s SLP increases, a corresponding decrease in SLP of the IL occurs.  This 
increase of the pressure gradient over the North Atlantic results in a northward shift and 
an increase in strength of the westerlies, altering storm speeds, tracks, and intensities, and 
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 Figure 2.1. Regression map of Northern Hemisphere winter (December-March) SLP 
anomalies onto the first PC of North Atlantic SLP.  This depicts the spatial pattern of the 
NAO. Data is from the NCEP/NCAR Reanalysis (from Marshall et al., 2001). 
 
allowing deeper penetration into the Northern Europe/Scandinavia region.  The negative 
phase of the NAO indicates a decrease in the SLP gradient between the IL and STH; as 
IL SLP increases, the SLP of the STH decreases.  This weakening of the North Atlantic 
pressure gradient results in a southward shift and a decrease in the strength of the 
westerlies, with associated shifts in storm tracks to southern Europe and the 
Mediterranean region. 
The NAO is the most robust recurrent mode of atmospheric behavior identified by 
Barnston and Livezey (1987) and is also the only one robustly present throughout the 
year; however, it is most pronounced from December to March.  The NAO accounts for 
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aproximately 37 percent of the variability in 500 hPa heights over the Atlantic during 
winter (DJF) (Wallace and Gutzler, 1981; Barnston and Livezey, 1987; Kushnir and 
Wallace, 1989).  Rogers (1990) demonstrated that the NAO accounts for the largest 
amount of interannual variability of North Atlantic sea level pressure in all but four 
months of the year.  Mid-latitude cyclone tracks follow the baroclinic gradient 
determined by the westerlies, so the stronger the pressure gradient, the stronger and more 
numerous the storms across the Atlantic.  Also, stronger westerlies push the water vapor, 
which is the moderating influence of the Atlantic Ocean, farther into Europe causing 
moderate, milder winters.  
 The first mention of the North Atlantic Oscillation (NAO) appears in the work of 
Walker (1924) and Walker and Bliss (1932), who performed studies on the seesaw in 
winter temperatures between northwest Europe and areas near the Labrador coast. Walker 
and Bliss defined the NAO as “the tendency for pressure to be low near Iceland in winter 
when it is high near the Azores and southwest Europe,” and vice versa.  These studies 
provided recognition for the two permanent centers of pressure over the North Atlantic 
Ocean, the IL and the Azores or Bermuda high.  Other early works in agreement with 
Walker and Bliss' discoveries were by Ångström (1935), who described teleconnections 
of climate change, and Loewe (1937, 1966), who completed a very thorough study of the 
seesaw in winter temperatures over Greenland and Europe while examining North 
Atlantic atmospheric circulations.   Van Loon and Rogers (1978) and Rogers and van 
Loon (1979) furthered the knowledge of the NAO by using hemispheric temperatures to 
link the NAO to the circulation over the entire hemisphere.  Their "seesaw" corresponds 
with the two extreme phases of the NAO (positive and negative) and was defined using 
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the difference in temperatures at Jakobshavn, Greenland, and Oslo, Norway, during 
selected winters.  Greenland Below (GB) winters are analogous to the positive phase of 
the NAO, as Oslo would experience the moderating effect of the ocean and would be 
warmer than Jakobshavn.  The Greenland Above (GA) winters of Van Loon and Rogers 
(1978) and Rogers and van Loon (1979) are analogous to the negative phase of the NAO; 
Oslo experiences lower temperatures as the westerlies shift southward removing the 
moderating influence of the ocean.  Van Loon and Rogers (1978) and Rogers and van 
Loon (1979) were in agreement with previous studies regarding the NAO but also 
discovered correlations between pressure areas in other parts of the Northern Hemisphere 
(e.g. the opposing strengths of the IL and Aleutian Low near Alaska, suggesting 
teleconnections of two oceanic oscillations, the Pacific-North American and the NAO).  
Rogers and van Loon (1979) also found connections between the NAO and the westerlies 
and trade winds in the Atlantic and the Pacific Oceans; strong westerlies are associated 
with strong northeast trades and weak westerlies with weak trades.  The positive 
(negative) phase of the NAO affects SST in the Atlantic by increasing (decreasing) SST 
gradients north of 45˚N, and decreasing the gradients south of 45˚N (Rogers and van 
Loon, 1979).  Rogers and van Loon (1979) also discussed sea-ice conditions associated 
with GB and GA winters in the North Atlantic.  Rogers (1984) made the next 
breakthrough by directly studying relationships between two independent 
teleconnections, the NAO and the Southern Oscillation.  
  To quantify the strength of the NAO, Rogers (1984) created the NAO index 
(NAOI) by calculating the difference between the normalized SLP for Ponta Delgadas, in 
the Azores, and for Akureyri, Iceland. Weather records at these locations extend back to 
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1864, allowing the calculation of a fairly long NAOI.  Hurrell (1995) extended the NAOI 
further back in time by using station data from Lisbon, Portugal and Stykkisholmur, 
Iceland.  The magnitude of the standardized NAOI has rarely exceeded positive or 
negative two standard deviations in the past, although considerable variability exists (see 
Figure 2.2).  The magnitude of the NAOI indicates the strength of the pressure gradient 
between the primary centers of action in the North Atlantic: the STH and IL.  A positive 
NAOI indicates stronger than normal flow (more zonal) crossing the North Atlantic, 
while a negative NAOI corresponds to weaker than normal flow (more meridional). 
 The power spectrum of the NAOI differs between various studies; however, 
periodicities near 7.6 years are commonly associated with the NAOI (McHugh and 
Rogers, 2001) (Figure 2.3).  Rogers (1984), using data from 1895-1983, calculated a 
significant periodicity of 7.3-8.0 years for the NAOI.  Using data from1879-1992, Loewe 
and Koslowski (1998) determined a significant NAOI periodicity at 7.8 years. Deser and 
Blackmon (1993) and Tourre et al., (1999) calculated a periodicity of 10-12 years for 
SST patterns associated with SLP anomalies of the NAO using data from 1900-1989.   
Using data from 1865-1994, Hurrell and van Loon (1997) calculated a non-significant 
band of periodicity of 6-10 years using a Lisbon-Iceland NAOI.  This band has emerged 
in the variance spectrum of the NAOI only during the past century (McHugh and Rogers, 
2001), indicating a probable shift in the periodicity of the NAOI. 
Decadal trends are present in the NAOI (Figure 2.2).  From 1900 to around 1930, 
the index remained mostly positive, but from the early 1940s to the early 1970s the index 
experienced a decreasing trend (Hurrell, 1995).  During the first period (1900 to 1930), 
Europe experienced warmer than average temperatures due to the moderating influence 
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Figure 2.2. Time series of the NAOI from Hurrell (1995).  The thin line is normalized 
SLP difference between Portugal and Iceland.  The thick line is a low-pass filter of data 
(from http://www.mit.edu/people/goodmanj/NAOI/).    
 
 
of the ocean penetrating farther inland (Rogers, 1985).  During the latter period, 
European winters were on average colder (van Loon and Williams, 1976).  Since the mid 
1970s, the index has experienced a drastic increase.  This increase of the NAOI produces 
a general pattern of cooling over the oceans and warming over the continents, which 
explains some of the higher temperature readings of the last two decades (e.g. Hurrell, 
1995).  The highest NAOI values ever recorded occurred during the 1990s, but a possible 
downward trend began at the turn of the 21st century (Marshall et al., 2001). 
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A) 
 
  B) 
 
Figure 2.3. Power spectra of SLP and SST indices for the North Atlantic: A) NAO index 
from Hurrell (1995) and a principal component analysis of DJF SLP anomalies (20°N-
70°N, 100°W-20°E) and B) indices of cross Gulf Stream, cross equatorial, and SST 
tripole anomalies (from Marshall et al., 2001). 
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Hurrell (1995) analyzed the atmospheric moisture budget for several high and low 
NAOI winters since 1979 and found the decadal trends mentioned above correlate well 
with regional anomalies in precipitation and temperature in the Northern Hemisphere, 
illustrating the significance of the NAO on regional and hemispheric scale climates. 
The NAO affects the Atlantic sector and also several other regions of the globe.  The 
most important aspects of the NAO’s influence are seen on storms, temperatures, and 
precipitation.   
Areas in which NAO variability affects temperature the most are eastern North 
America, Eurasia, the Arctic, and the Mediterranean (van Loon and Williams, 1976; 
Moses et al., 1987; Hurrell, 1995; Hurrell and van Loon; 1997).  Temperature variability 
due to the NAO has also been found in the southeastern United States, northern and 
equatorial Africa, and the Middle East (Metaxas et al., 1991; Sheridan, 2003).  The 
relationship between North American climate and the NAO is not as profound as Eurasia 
and North Africa, but recent studies suggest moderate impacts (e.g. Sheridan, 2003).   
As discussed earlier, the storms crossing the North Atlantic experience changes in 
storm speed and intensity, along with storm tracks, with the shifting phases of the NAO. 
These shifts alter the distribution of precipitation over much of Europe and northern 
Africa (Lamb and Peppler, 1987).  With a positive NAO, Iceland and Scandinavia receive 
excess amounts of precipitation, where other places in Europe receive a deficit, such as 
central and southern Europe, Mediterranean countries, and western North Africa 
(Marshall et al., 2001).  Hurrell (1995) found the loss of glacial mass in Greenland and 
the gain of glacial mass in Scandinavia are the direct result of the strongly positive phase 
of the NAO for the past two decades.  Many other effects in the North Atlantic region 
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associated with the NAO are higher wave heights at sea, changes to vital fisheries and 
ecosystems, and changes in the extent of sea ice coverage.     
 The NAO has long been known to explain a significant amount of northern 
hemisphere (NH) SLP variability at interannual and intraannual timescales.  Recently, 
Thompson and Wallace (1998), hereafter TW98, described another hemispheric mode of 
variability known as the Arctic Oscillation (AO).  The AO is defined by TW98 as the 
leading empirical orthogonal function (EOF) of NH SLP variability during winter 
(November-April) for the period 1958-1997 and explains 22 percent of the variance of 
the monthly mean NH SLP anomaly field north of 20˚N.  The AO closely resembles the 
characteristics of the NAO; Marshall et al. (2001) described maps of the two as nearly 
indistinguishable.  The AO was shown to contribute more to Siberian and Eurasian 
surface air temperatures than the NAO (TW98; Rogers and McHugh; 2002).  Rogers and 
McHugh (2002) also discussed the impact of the AO on Arctic Ocean circulation.  The 
AO is represented by two components: a zonally-symmetric equivalent barotropic 
phenomenon, which extends into the stratosphere and a tropospherically confined 
wavelike baroclinic structure (TW98).  The variability of the AO arises from a transfer of 
atmospheric mass between the Arctic and midlatitudes, comparable to the Southern 
Hemisphere annular mode or Antarctic Oscillation (AAO) (Thompson and Wallace, 
2000).  The index of the AO and AAO have increased over the past thirty years, possibly 
associated, like the NAO, with increased global surface temperatures (Thompson and 
Wallace, 2000). 
 The notion of the AO has resulted in a large amount of debate regarding the 
separability of the NAO/AO and the methods used to define the AO (e.g. Ambaum et al., 
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2001; Rogers and McHugh, 2002; Wallace and Thompson, 2002).  Rogers and McHugh 
(2002) analyzed the data of TW98 using different methods of principal components 
analysis (PCA): rotation and non-rotation.  TW98 do not rotate the retained principal 
components (PC), while defining their AO, in order to maximize the variation explained 
by the PCs.  Rogers and McHugh (2002) performed an unrotated and a rotated PCA on 
the TW98 data because rotation provides more realistic spatial patterns of the PCs 
(Richman, 1986).  Rotation of the PCs results in separate NAO and AO patterns during 
spring, summer, and autumn, with the NAO pattern as the first PC and the AO as the 
second; this indicates separate regional teleconnections for most of the year (Rogers and 
McHugh, 2002).  During winter, the NAO and AO patterns became inseparable (the 
pattern resembles the spring NAO pattern), possibly due to a shared storm track between 
the Arctic and North Atlantic during winter (Rogers and McHugh, 2002).  The rotation of 
PCs to analyze the NAO and AO produces results that confirm and contradict the 
findings of TW98.  The questions of whether the AO and NAO are separate, distinct 
teleconnections, what and how the mechanisms link the two patterns, and the measurable 
effects of the patterns (e.g. possible sources of measured global warming) remain 
important topics of research regarding NH climate variability. 
2.2 North Atlantic Subtropical High Climatology 
 Davis et al. (1997) provided the most thorough climatology of the North Atlantic 
STH to date by describing its spatial and temporal behavior from 1899-1990.  The goal of 
their analysis was to investigate the intra and interannual variability of anticyclone 
frequencies to determine the changes in strength and position of the STH over the North 
Atlantic sector over the past century.  The analysis used gridded daily SLP data from 
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NCAR (5˚ latitude x 5˚ longitude grid) to produce anticyclone frequency maps for each 
half month (twenty-four per year).  An anticyclone was considered present at a grid 
location each day that the pressure equaled or exceeded 1024 hPa.  The frequency of 
anticyclones was averaged at each grid point for each half month over the ninety-one year 
period and plotted, producing contour maps of anticyclone frequencies.  A seasonal 
climatology of the STH was produced using the twenty-four half-month maps.  A PCA 
was performed using the half-month frequencies to describe the interannual variability of 
anticyclone frequency over the Atlantic sector.  Twenty-one of the ninety-one years in the 
study period were discarded due to missing data.  Both unrotated and varimax rotated 
loading maps of the PCs were produced for comparison of the two methods.  Five 
components were retained accounting for approximately two-thirds of the variance of 
anticyclone frequencies.  Mean component scores for half months and years were 
calculated to describe the intra and interannual variability.  
The first PC represents the dominant winter configuration of the STH with a 
double maximum over the southeastern U.S. and northwestern Africa, while the second 
principal component represents the summer mode with highest loadings in the center of 
the basin. These two spatial patterns were found to dominate the intra-annual fluctuation: 
a stronger summer and a weaker winter pattern.  During the summer pattern, a single 
pressure maximum occurs in July over the central Atlantic.  The winter pattern reaches its 
maximum during January as a dual maximum with a center over the southeastern U.S. 
and another just west of Morocco.  For the remainder of the year, the center of the 
anticyclone migrates around an elliptical path aligned on a southwest-northeast axis.  
Figure 2.4 shows the mapped anticyclone frequencies for six months during the year, 
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while Figure 2.5 depicts the month-to-month movement of the eastern and western 
maxima of the STH.  While the first two PCs represent the two dominant spatial patterns 
associated with the summer and winter configurations of the STH, the third PC represents 
a meridional versus zonal circulation over the Atlantic basin and the remaining two PCs 
represent slightly different blocking patterns.  All PCs, except component three, were 
found to be decreasing over time (Davis et al., 1997). 
The following description of the annual cycle of the STH is summarized from 
Davis et al. (1997).  During early March, the anticyclone center is fairly weak and at its 
most southwesterly point (Figure 2.4a).  By early May, the anticyclone center begins to 
intensify rapidly and expand across the Atlantic; a northward migration also occurs 
between March and May (Figure 2.4b).  Expansion and strengthening continue through 
June and July, accompanied by a northwestward shift of the center. By the period of 
maximum intensity in July (Figure 2.4c), the anticyclone encompasses most of the North 
Atlantic basin.  The extent of the anticyclone is at a maximum at this point and covers 
much of the eastern U.S. into portions of Western Europe.  By early August and into 
September, the STH steadily weakens and contracts (Figure 2.4d).  The winter dual-
maximum pattern begins developing during September as a weak high-pressure center 
develops over the northeast U.S. and the eastern maxima weakens and shifts eastward.  
Throughout the autumn and winter, the dual-maximum pattern continues to develop as 
the high over the eastern U.S. strengthens and shifts over the southeastern U.S., 
eventually rivaling the strength of the eastern maximum (Figures 2.4e and 2.4f).  The 
weakening continues throughout the winter months, until in late January, the dual-
maximum is reached.  The eastern component is at its farthest position east while the  
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 Figure 2.4. Frequencies of anticyclone presence with SLP ≥1020hPa for the first half of 
(a) March, (b) May, (c) July, (d) September, (e) November, and (f) January (from Davis 
et al., 1997). 
 
 
western component over the southeastern U.S. is at its southernmost position (Figure 
2.4f).  During the first half of February, anticyclone frequencies decrease across the 
Atlantic basin and the winter dual-maximum rapidly degenerates to once again form a 
single maximum over the ocean.  This pattern of low anticyclone frequencies remains 
through March until the summer pattern begins strengthening.  
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A) 
 
 
B) 
Figure 2.5. Migration of (a) the eastern (oceanic) center of the STH throughout the year 
and (b) the western maximum over the eastern U.S. from August to the end of January 
(from Davis et al., 1997). 
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The major findings of Davis et al. (1997) regarding the interannual variability of 
the STH are an apparent increase in meridional flow over the eastern Atlantic and 
western Europe, a decrease in blocking over Ireland and Britain with an increase in 
blocking over west-central Europe (blocking is a pattern that prevents movement of 
storms into that area), and a decrease in anticyclone frequency and the intensity of the 
STH since 1899. Davis et al. (1997) suggest this decrease in intensity and anticyclone 
frequency results in a decrease in the net mass over the Atlantic Ocean. 
Mächel et al. (1998) described the behavior of the centers of action above the 
Atlantic Ocean from 1881-1995.  The variability and interaction of the IL, North Atlantic 
STH, ITCZ, and the South Atlantic STH are all described in their analysis; however, only 
the methods for defining and describing the North Atlantic STH shall be discussed here.  
Monthly values of SLP from the German Weather Service (5˚latitude x 10˚ longitude 
grid) and the Comprehensive Ocean-Atmosphere Data Set, or COADS, (interpolated to 
5˚latitude x 5˚ longitude) are used to calculate the extreme (highest) values of SLP in 
each dataset using an algorithm from a second order Taylor series for functions of two 
variables.  The extreme values represent the intensity of the STH while the geographical 
location (latitude and longitude) of the high is the location of the maximum.  The action 
area of the North Atlantic STH is placed from 20˚N-50˚N and 55˚W-5˚W.  Any pressure 
centers outside of this area are discounted, in turn preventing the depiction of the winter 
double maximum of high pressure mentioned by Davis et al. (1997).  The STH action 
center is represented in 96 percent of the months during the analysis period.  The strength 
of the westerlies and the trade winds are also calculated using the pressure gradients 
between the action centers.  The interannual variability during the winter and summer is 
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the main focus of the analysis for the STH action center.  To describe the interannual 
variability of the STH’s strength and location, time series are created for the 
characteristic "atmospheric" parameters (latitude, longitude, and central pressure) and 
also for the normalized SLP anomalies.  A power spectrum analysis was also performed 
to test for any periodicity in the behavior of the high.  RPCAs, using varimax rotation, 
were performed using the two time series mentioned above for both winter and summer.  
The first PC in each winter analysis represents the NAO.  The first PC for the summer 
analysis mostly represents the North Atlantic STH’s location and intensity.  For the PCA 
on the characteristic "atmospheric" parameters, the second PC for winter represents the 
location and intensity of the STH and the fourth PC for the summer explains 49 percent 
of the high's intensity.  The PCs from each analysis are compared and some general 
agreement exists between the structures of the PCs (Mächel et al., 1998). 
2.3 Great Plains Low-level Jet 
 The Great Plains of North America are influenced throughout much of the year by 
a phenomenon known as the Great Plains LLJ.  This mainly nocturnal, low-level wind 
maximum is related to the production of deep convection and heavy precipitation 
associated with mesoscale convective systems, a major component of the central plains 
moisture budget (Bonner, 1968; Fritsch et al., 1986; Augustine and Caracena, 1994).  The 
LLJ forms over a large area from the eastern slopes of the Rocky Mountains to the 
Mississippi River and reaching from northern Mexico to the Dakotas (Bonner, 1968).  
The Great Plains LLJ transports a large percentage of the moisture flowing from the Gulf 
of Mexico over the continental U.S. (Helfand and Schubert, 1995; Higgins et al., 1996; 
Higgins et al., 1997).  The LLJ can occur year-round but is strongest at night, during the 
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warm season, and when flowing from a southerly direction (Bonner, 1968).  Previous 
studies have speculated that the circulation associated with the western edge of the STH 
(the southern component of the NAO) is the origin of the moisture transported during 
these LLJ events (Helfand and Schubert, 1995; Higgins et al., 1997; Woodhouse and 
Overpeck, 1998). 
2.3.1 Possible Mechanisms of LLJ Formation 
 Numerous mechanisms have been proposed as to how the Great Plains LLJ is 
formed.  In an early study, Wexler (1961) suggested the LLJ is caused by the easterly 
trade winds turning northward as they run into the Rocky Mountains.  Blackadar (1957) 
used an inertial oscillation process (frictional decoupling) caused by the decrease in 
turbulent mixing in the planetary boundary layer after sunset to describe the formation 
and turning of the LLJ throughout the night.  Blackadar also predicted the increase in 
strength of the LLJ during the nighttime.  McNider and Pielke (1981) determined that the 
sloping terrain of the Great Plains induces a horizontal pressure gradient force, which is a 
possible forcing mechanism in the formation of the LLJ as the Coriolis Effect deflects the 
anomalous easterly upper-air flow to the right (resulting in a southerly wind).  There are 
also debates in the literature pertaining to the strength of synoptic forcing on the 
development of the LLJ (Uccellini and Johnson, 1979; Djuric and Damiani, 1980; 
Uccellini 1980; Chen and Kpaeyeh, 1993).  The two most important forcing mechanisms 
are frictional decoupling and the developing horizontal pressure gradients.  Frictional 
decoupling is believed to have the most influence on LLJ formation, which is best 
described by Parish et al. (1988).  After sunset, the convective boundary layer rapidly 
decays, quickly causing a dramatic decrease in friction.  This causes an inertial oscillation 
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as the wind adjusts to the pressure gradient force.  Considering the difficulty in 
measuring these mechanisms and their impacts, the processes causing the development of 
the Great Plains LLJ remain an uncertainty. 
2.3.2 LLJ Climatologies 
Bonner (1968) produced the first Great Plains LLJ climatology using rawinsonde 
data from forty-seven stations across the U.S. (only three on or near the Great Plains), 
spanning a two-year period from January 1959 to December 1960.  The observations 
were taken twice daily at 0Z and 12Z (1800 CST and 0600 CST) at the surface, 150 m 
above ground level (AGL), 300 m AGL, and at 500 m increments from 500 m to 3000 m 
above mean sea level.  Above this level, the measurements were taken at 1000 m 
increments.  Bonner selected five levels ranging from level 1, the closest to 500 m AGL 
to level 5, the closest to 2500 m.  The jet maxima had the highest frequencies in the two 
lower levels, then the frequencies decreased sharply in the higher levels at most of the 
stations.  Due to the vertical frequency distribution of the jet maxima, Bonner (1968) 
determined that 1.5 km should be the upper limit for a wind maximum to be considered a 
LLJ observation.   
 Bonner (1968) classified LLJ speeds according to four increasingly stringent 
criteria to determine the strength of the LLJs.  The following criteria developed by 
Bonner continue to be used by many modern analyses of the LLJ (Bonner 1968, 836): 
Criterion 0: Any wind maximum. 
Criterion 1: The wind at the level of maximum wind must equal or  
exceed 12 ms-1 and must decrease by at least 6 ms-1 to the next higher  
minimum or to the 3 km level, whichever is lower. 
Criterion 2: The wind at the level of maximum wind must equal or  
exceed 16 ms-1 and must decrease by at least 8 ms-1 to the next higher  
minimum or to the 3 km level, whichever is lower. 
Criterion 1: The wind at the level of maximum wind must equal or  
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exceed 20 ms-1 and must decrease by at least 10 ms-1 to the next higher  
minimum or to the 3 km level, whichever is lower. 
  
 Bonner (1968) determined the maximum frequency of LLJs occurred in the same 
geographical area for criteria 1 to 3, an area on the Oklahoma-Kansas border from 95°W 
to 100°W (Figure 2.6).  The major axis of the LLJ runs basically parallel with the Rocky 
Mountains from the northern Great Plains to southern Texas.  The area covered gets more 
compact as the criteria increase.  Bonner (1968) also found that approximately 55 percent 
to 60 percent of all the LLJs occurred during the 12 summer months examined (April to 
September for 1959-1960).  Approximately 70 percent of the southerly LLJs occurred 
during the summer with the maximum frequency during August and September and again 
in the spring.  The LLJ also had diurnal variation during the summer and winter but was 
much more pronounced during the summer, with more jets occurring at 0600 CST than at 
1800 
CST.  The average altitude of the LLJ for all criteria was found at 785 m AGL with a 
standard deviation of 127 m.  Figure 2.7 shows the vertical jet profile from Ft. Worth, 
TX.  Bonner also looked at the synoptic conditions that were favorable for LLJ 
development.  He determined that a strong pressure gradient across the plains with an 
uninterrupted southerly flow from the Gulf of Mexico were the most favorable. 
Mitchell et al. (1995) produced a climatology of the warm season Great Plains 
LLJ using hourly observations from the Wind Profiler Demonstration Network (WPDN).   
This study was conducted in order to produce a climatology of the LLJ with a higher 
temporal resolution than Bonner’s (1968) twice-daily observations.  Since Bonner 
determined the maximum occurrence of southerly LLJs occurred at night but only had 
measurements from the evening and the morning, a study with more measurements  
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 Figure 2.6. Depiction of the axis of maximum winds.  The points are 28 out of 43 
cases of criterion 3 LLJ cases chosen for confidence in jet core and jet axis positions.  
The star is the median latitude/longitude of all the cases and each point is the center of 
maximum wind for each case (from Bonner, 1968). 
 
 
during the time of maximum occurrence was needed to determine the evolution and  
 
decay of the jet. 
 
Mitchell et al. (1995) used Bonner’s criteria to produce their climatology of the 
LLJ.  To be a LLJ, this classification requires the jet to “represent a low-level local 
maximum in the vertical profile of the horizontal wind speed” (Mitchell et al., 1995, 
577).  The WPDN consists of 31 stations throughout the Great Plains region that use 404 
MHz Doppler radar to calculate wind direction and movement.  The measurements 
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 Figure 2.7. A vertical LLJ profile from Ft. Worth, TX (from Bonner, 1968). 
 
begin at 500 m AGL and are taken at 250 m intervals above 500 m.  One problem 
associated with this system is the contamination of measurements due to migratory birds. 
The birds tend to fly at night during the spring and fall, fly on nights with strong LLJs, 
and their migratory paths are along the axis of the Great Plains LLJ (Whiteman et al. 
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1997).  The data analyzed by Mitchell et al. (1995) was for the warm seasons (April to 
September) of 1991 and 1992 so some contamination of data may have occurred.  
 Data from 500 m to 3 km AGL were analyzed using Bonner’s (1968) criteria.  
Mitchell et al. (1995) assumed 500 m was low enough to capture the LLJ since Bonner 
found the average occurrence level to be 785 m.  However, Mitchell et al.’s average 
height was found to be approximately 1000 m AGL.  This is most likely due to the poor 
vertical resolution (500 m, 750 m, 1000 m, etc.) of the WPDN.  The average direction of 
the LLJ mostly agreed with Bonner and ran primarily from the south or southwest.  As 
the criteria number increased, the average direction remained nearly the same.  In other 
words, direction remained constant with jet strengthening.  Approximately 25 percent of 
the LLJs found were northerly.  
Mitchell et al.’s (1995) average speeds also agreed with Bonner’s (1968) findings 
and were located in the central plains in Oklahoma and Kansas.  The criteria 0 and 1 LLJs 
were found farther south than Bonner’s maximum and the stronger jet maximum 
extended farther north and east.  A diurnal oscillation in speed and direction was also 
found with the maximum speeds occurring between 0000 and 0300 CST with a slight 
decrease from 0300 to 0600 CST.  The direction of the winds veered from southerly 
around midnight to southwesterly around 0600 CST (Mitchell et al. 1995).  Mitchell et 
al. (1995) also found August and September to be the months of maximum occurrences 
with September experiencing almost double the occurrences of other months.  The 
criterion 0 jets were found to last about four hours with the criterion 3 jets lasting only 
two hours.  Synoptic patterns associated with the LLJ were also determined.  The warm 
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sector of a midlatitude cyclone is favorable for LLJ development while a polar high or 
subtropical ridge dampens the development of a LLJ. 
 Whiteman et al. (1997) further improved on Mitchell et al.’s (1995) climatology 
by increasing the vertical resolution and enhancing the temporal resolution using two 
years of research rawinsonde data at the Southern Great Plains (SGP) Cloud and 
Radiation Testbed (CART) site.  This site is located near the Oklahoma-Kansas border 
(36.601°N, 97.487°W) in the vicinity of the axis of maximum frequency of LLJs (Bonner 
1968; Mitchell et al. 1995).  The geographical distribution of LLJs was not determined by 
Whiteman et al. (1997) because data is from one location.  The research rawinsonde data 
was taken from five daily launches (0530, 0830, 1130, 1430, and 2330 CST) along with 
many extra additional soundings, for special observation periods (0230, 1730, and 2030 
CST).  The rawinsonde observation data cover a two-year span from 7 April 1994 to 30 
March 1996.   
Soundings were classified into four LLJ categories using two criteria.  The criteria 
are as follows:  1. LLJ-0 have a max wind speed greater than or equal to 10 ms-1 in the 
lowest 3000m and the wind speed must decrease by at least 5 ms-1 before reaching the 
3000 m level and 2. LLJ1, LLJ2, and LLJ3 have maximum wind speeds > or equal to 12 
ms-1, 16 ms-1, and 20 ms-1, respectively, in the lowest 3000 m and the wind speed must 
decrease by at least 6 ms-1, 8 ms-1, and 10 ms-1, respectively, before reaching the 3000 m 
level.  The last three categories are the same as the Bonner (1968) classification.  The 
LLJ0 was added to include the soundings that had a jet profile but could not meet the 
LLJ1 criteria.  These criteria are inclusive, so a LLJ0 category will include all the LLJ1’s, 
2’s, and 3’s, where the LLJ1 category would include all of the LLJ2’s and 3’s.  This 
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classification scheme does not take into account the wind direction, so there can be 
northerly jets also. 
The total number of soundings used was 2954 with LLJs present in approximately 
46% of the soundings, with 44.9 percent in the cold season and 47.1 percent in the warm 
season (Figure 2.8).  Whiteman et al. (1997) determined there are more LLJ0’s and 
LLJ1’s during the warm season with more LLJ2’s and 3’s during the cold season.  The 
number of occurrences of LLJ3’s increased from Bonner’s climatology.  Whiteman et al. 
suggest this is due to the poor temporal resolution of Bonner’s study (twice-daily 
soundings).  The diurnal frequencies agreed with earlier studies with more LLJs 
occurring at night in both the warm and cold seasons.  The strongest jets occurred more 
in the warm season at night between 2300 and 0500 CST (Figure 2.9).  The direction of 
the wind speed at the speed maximum height varied between the warm and cold seasons.  
During the warm season, the weak jets are from the south with the strong jets from the 
south-southwest.  The cold season experiences bimodality in wind direction with the 
second maximum from the north-northwest and north-northeast.  Figure 2.10 depicts the 
heights at which LLJ wind speed maxima occurred for southerly and northerly jets. 
 Whiteman et al. (1997) found the average wind speed maximum of all the LLJs to 
be 17.1 ms-1.  The strong LLJ maximum average speed is 24.2 ms-1.  The average peak 
speeds for the two seasons are 18.3 ms-1 for cold and 16.0 ms-1 for warm.  The average 
heights of the jet wind speed maxima for all jets occur from 300 to 600 m AGL, with a  
peak from 300 to 400 m.  The mean height of the jet wind maxima is 596 m  
with a median of 430 m.  There is considerable variability from case to case but 
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Figure 2.8. The distribution by month of southerly and northerly LLJs (from Whiteman et 
al., 1997). 
 
 
Whiteman et al. (1997) determined the mean height of the wind maximum for the 
southerly LLJs remains fairly steady and generally above the growing surface inversion 
throughout the night.  The wind maximum height values are significantly lower than the 
average height values determined by Bonner (1968) and Mitchell et al. (1995).  
Whiteman et al. (1997) believed they produced a much better vertical profile of the LLJs 
with a resolution of about 15 m using rawinsondes. The resolution for Bonner’s study 
was at best 150 m (using older rawinsondes) and the resolution for Mitchell et al.’s study 
started at 500 m AGL and proceeded in increments of 250 m (using WPDN 
measurements). 
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 Figure 2.9. Vertical wind profiles for (a) LLJ soundings and (b) non-LLJ soundings.  The 
development of the LLJ wind speed maximum is clearly seen in (a) between 2300 and 
0500 CST (from Whiteman et al., 1997). 
 
 
Overall, Whiteman et al. (1997) produced the LLJ climatology with the greatest 
resolution and therefore is probably the most accurate of the climatologies.  The temporal 
resolution is superior to the twice-daily observations of Bonner (1968) and adequate for 
thoroughly describing the evolution and structure of the LLJ.  The vertical resolution  
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Figure 2.10. A) Heights at which LLJ wind speed maxima occurred for southerly and 
northerly jets (from Whiteman et al., 1997).     
 
 
 
is far superior to Bonner’s and Mitchell et al.’s studies.  The high vertical resolution 
allows for a more accurate structural description of the LLJ. 
2.3.3 LLJ Contribution to Moisture Transport 
 The Great Plains LLJ plays a major role in the advection of moisture into the 
continental U.S.  The greatest impacts of the LLJ are seen during the warm season, 
especially during the summer (JJA).  During these three months, a region of maximum 
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precipitation occurs over the Great Plains (Higgins et al. 1997).  This rainfall maximum 
is associated with the nocturnal convection associated with the LLJ.  More than 25 
percent more rain falls during the nighttime than during the daytime, with a maximum 
around midnight.  This time period is associated with the peak strength of the LLJ.  
Higgins et al. (1997) determined the low-level inflow from the Gulf of Mexico increased 
by more than 45 percent over the regular nocturnal mean values.   
 Helfand and Schubert (1995) produced a two-month simulation during spring 
with the Goddard Earth Observing System (GEOS-1) atmospheric general circulation  
model (AGCM) to determine the influence of the Great Plains LLJ on the continental 
moisture budget of the US.  The simulation of the moisture budget produced a 
“horizontally confined region of strong southerly moisture transport with a strong diurnal 
cycle in the region of the Great Plains LLJ” (Helfand and Schubert 1995, p.784).  The 
mean flow pattern of the LLJ accounts for the transportation of approximately one-third 
of the moisture that enters the continental US, with the majority occurring at night 
(Figure 2.11).  Figure 2.11 provides an excellent depiction of the difference in moisture 
transport between daytime and nighttime. 
2.4 Atlantic SST Variability and Tropical Precipitation Variability 
 
The leading pattern of SST variability in the North Atlantic Ocean is a tripole 
pattern, which forms as a direct response to air-sea fluxes produced by the NAO (DaSilva 
et al., 1994; Marshall et al., 2001) (Figure 2.12).  This pattern is most energetic during 
DJF, while the NAO is most coherent.  The SST tripole has a red power spectrum with a 
slight hint of a near-decadal band (Figure 2.3) (Marshall et al., 2001).  Temperature  
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 Figure 2.11. Shows the diurnal variation of the mean horizontal wind vectors (arrows, 
north is up) and northward moisture fluxes (contours) (from Whiteman et al., 1997). 
 
 
variability in the subtropical upper ocean as well as variations of ocean gyres have been 
linked to fluctuations in the NAO (Molinari et al., 1997; Curry and McCartney, 2001).  
Tropical Atlantic SSTs have been a focus of intense study in recent years. Nobre and 
Shukla (1996) performed an EOF analysis on tropical Atlantic SST and found the 
dominant low-frequency phenomenon to be a basin-wide fluctuation between tropical 
SST and the trade winds.  SST anomalies straddle the mean position of the ITCZ in 
association with changes in trade wind intensity.  Nobre and Shukla (1996) also 
determined the atmospheric circulation anomalies precede SST anomalies by 
approximately two months, indicating a change in winds speed forces a change in tropical  
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Figure 2.12. Regression maps of A) SST, B) surface turbulent heat flux, and C) surface 
wind stress curl anomalies associated with the NAO index (from Marshall et al., 2001). 
 
 
SST.  The Northern Hemisphere (NH) trades and the cross-equatorial flow from the 
Southern Hemisphere are closely related to SST anomalies; stronger (weaker) than 
normal trades are associated with negative (positive) tropical SST anomalies (Nobre and 
Shukla, 1996; Enfield and Mayer, 1997).  SST in the tropical South Atlantic seems to 
affect the intensity of the NH trade winds, where negative (positive) SST anomalies south 
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of the equator are associated with weaker (stronger) than normal NH trades (Marshall et 
al., 2001).  Early analysis found a dipolar structure straddling the equator, which led to 
the idea of the tropical Atlantic SST dipole but recent studies have shown there is no 
significant correlation between the two SST anomaly regions straddling the equator 
(Houghton and Tourre, 1992; Enfield and Mayer, 1997; Dommenget and Latif, 2000).  
Although the SST anomalies on both sides of the equator are not part of a seesaw 
fluctuation, as suggested by a dipole, the cross equatorial SST gradient does greatly affect 
tropical Atlantic climate (Marshall et al., 2001).  While Atlantic SST variability appears 
to be associated with ENSO, a thorough analysis of this interaction is beyond the scope of 
this study. 
SST anomalies in the tropical Atlantic affect the latitudinal location of the ITCZ 
and related rainfall, which in tropical regions such as the Sahel and the Nordeste region 
of Brazil, is a major source of the total annual precipitation.  The rainy season in eastern 
Brazil occurs during late boreal winter/early spring (March-April) when the ITCZ is at its 
southernmost location (Hastenrath and Greischar, 1993).  Hastenrath (1990 and 2000b) 
found on a decadal scale that increased SLP in the tropical North Atlantic has increased 
the northeast trades with a concurrent southward shift of the confluence zone associated 
with the ITCZ.  Hastenrath and Greischar (1993) and Curtis and Hastenrath (1999) 
documented trends in increased precipitable water and low-level convergence over the 
tropical Atlantic and Amazon associated with the southward shift in the ITCZ, which has 
led to increased Nordeste rainfall during late boreal winter.  Along with the increases in 
precipitable water and low-level convergence, Curtis and Hastenrath (1999) found trends 
of enhanced upward motion and upper-level divergence over the Amazon and the 
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Atlantic ITCZ while analyzing the upper air circulation over equatorial South America 
and the tropical Atlantic.  Curtis and Hastenrath (1999) also show that water vapor is 
transported into the Amazon Basin from the equatorial and tropical South Atlantic and 
also from the tropical North Atlantic during DJF.  They also found a trend indicating the 
development of a clockwise circulation over eastern Brazil associated with a negative 
tendency in the 1000 hPa height field.  The trend is found to be negligible regarding the 
increased moisture transport into the basin because northerly, not easterly flow is 
responsible for the net increase in water vapor.  The boreal summer is the height of the 
season during which rainfall is received in the Sahel, as the ITCZ reaches its 
northernmost position (Hastenrath, 1990 and 2000b).  Due to a persistent drought in the 
Sahel region of western Africa, numerous studies relating to circulation changes and SST 
anomalies have been performed.  Hastenrath (2000b) noted trends of decreasing lower-
tropospheric westerly monsoon flow during boreal summer and also found trends 
indicating a southward shift of the ITCZ and related circulation phenomena resulting in 
prolonged drought conditions in the Sahel.  The circulation anomalies associated with 
drought in the Sahel and increased rainfall in Brazil are both a result of the southward 
shift of the ITCZ over time. Agreeing with previous studies, Hastenrath and Greischar 
(1993) suggested that when negative (positive) SST anomalies occur in the tropical North 
Atlantic, the northeasterly trade winds intensify (weaken) through hydrostatic 
adjustments of geopotential height fields and results in a southward (northward) 
displacement of the ITCZ producing positive (negative) precipitation anomalies.   
The importance of the interaction between the tropical Atlantic and the overlying 
atmosphere has been shown in relation to precipitation variability in the Atlantic sector.  
 38
 39
Fluctuations in the northeasterly trade winds are associated with the variability of the 
North Atlantic STH and the NAO, as the southern circulation of the STH is in the trade 
wind region.  Since the STH is linked to the intensity of the northeasterly trades, its 
influence on precipitation variability in the tropical Atlantic region associated with shifts 
in the ITCZ should be analyzed. 
CHAPTER 3: METHODS AND DATA 
 
3.1 Methods 
 This analysis determines the effects of the interannual variability of the North 
Atlantic subtropical high (STH) on precipitation and moisture variability around the 
Atlantic sector, focusing specifically on North America and the Great Plains LLJ region, 
the Amazon Basin, the Sahel/Guinea region, and East Africa.  The theoretical basis of 
techniques used, a thorough description of the methods used and a comparison between 
the methods used in this study and prior research methods is presented.   
 All data had the annual cycle removed by calculating anomalies from the monthly 
mean for the period January 1948 to December 2001, then three month seasonal means 
were calculated.  Seasonal means were calculated for each variable to be correlated with 
a time series characterizing variability of the North Atlantic STH, thereby producing 
atmospheric and oceanic anomaly fields associated with variability of the STH.  
 A principal components analysis (PCA) was performed to identify characteristic 
modes of temporal variability of SLP across the subtropical North Atlantic, in the vicinity 
of the mean location of the STH (10°N-45°N, 75°W-0°).  Production of the spatial 
patterns associated with the principal components (PCs) was not the objective of this 
analysis, rather the aim of the analysis was to produce a time series for analysis with 
regard to circulation and hydroclimatic anomaly fields.  Henceforth this time series is 
referred to as STHTS.  The following describes the methods used to describe and explain 
1) the characteristic timescales of North Atlantic subtropical high (STH) variability, and 
2) the circulation and hydroclimatic anomalies associated with variations in the 
subtropical high.   In addition to a description of methods used, this section will also 
 40
describe methods used in previous research and an intercomparison highlighting 
advantages and disadvantages of both sets of methods.  
3.1.1 Principal Components Analysis 
 PCA is a data transformation technique, introduced by Pearson (1901) and further 
developed by Hotelling (1933), which produces an uncorrelated set of variables from an 
original larger set of variables through a statistical linear transformation.  The smaller 
uncorrelated set of variables is created with the purpose of data reduction and ease of 
interpretation without the loss of much information contained in the original set of 
variables (Dunteman, 1989).  One of the greatest benefits of PCA is the ability to analyze 
variables with respect to their spatial and temporal variability simultaneously (Horel, 
1984). 
 The main goal of performing a PCA is parsimony by reduction of an original 
dataset.  By performing a PCA, a set of p original variables is reduced to k uncorrelated 
variables, or principal components, which explain most of the variability of the p original 
variables.  If no colinearity exists within the set of p original variables, then a PCA would 
serve no purpose due to a lack of data reduction.  If the p original variables are highly 
correlated, the resulting set of k variables will be uncorrelated and much smaller than the 
original set of variables (Dunteman, 1989).   
 The derived PCs explain the maximum amount of variability of the p original 
variables.  The maximum number of PCs is equal to the number of original variables.  If 
linear dependency exist between two or more of the original variables, only one of these 
original variables is necessary to explain the corresponding variable perfectly.  In datasets 
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with linearly dependent variables, the maximum number of derived PCs will be less than 
the original number of variables due to redundancy (Dunteman, 1989). 
 The first PC geometrically represents the line of closest fit for the original set of 
variables by minimizing the sum of squared perpendicular distances of the observations 
in the variable space of the component.  The first two components represent the plane of 
closest fit of the original variables because the second component is orthogonal to the 
first and represents the line of closest fit to the residuals of the first component.  The third 
PC is orthogonal to both the first and second PCs and creates a three dimensional 
hyperplane of closest fit of the original variables.  Further components continue to be 
orthogonal to the previous PC and increase the dimensionality of the variable space 
describing the original variables.  If the number of components retained in a PCA equals 
the number of original variables, the entire variable space is explained; therefore the goal 
of parsimony would be unfulfilled (Dunteman, 1989). 
 The first PC describes the largest possible amount of variability of the original 
variables.  The second PC, which is orthogonal, or uncorrelated, to the first component, 
describes the largest possible amount of remaining unexplained variability of the original 
variables.  The third PC, which is orthogonal to both the first and second components, 
describes the largest possible amount of remaining unexplained variance, and so on.  
Collectively, the PCs explain the total amount of variability of the original variables and 
receive a weight according to the amount of variability each component explains.  PCA 
usually results in a small number of PCs that explain a large amount of variability and a 
large number of PCs explaining a small amount of variability.  The components that do 
not explain a large enough proportion of the total variability of the original variables are 
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usually un-interpretable and are discounted.  Removing these lower-order PCs allows for 
the reduction of the original dataset into a new uncorrelated set of principal components, 
which allows for parsimony (Vega, 1994; Dunteman, 1989). 
 The first PC, y1, is a linear combination of the original set of p variables, x1, x2 ,.... 
xp, with weight vectors a11, a12, .... a1p.  So, the first PC is: 
                                           p 
y1 = a x + a x2 + .... +  a1 xp =  ∑ a1i xi             (3.1) 11 1  12 p
                         i=1 
The variance of the first PC is maximized given that: 
                                                                           p 
∑ a12i = 1           (3.2) 
                                                               i=1 
Since the variance of the first component is maximized, the sum of its squared weights 
equals one.  This also maximizes the sum of the squared correlations of y1 with the 
original variables (Vega, 1994; Dunteman, 1989).  The variance associated with each PC, 
yi, is generally denoted by λi and is the eigenvalue for that component (Vega, 1994; 
Dunteman, 1989).  
 The second PC, y2, is calculated by a second weight vector with  
 
the variance described as  
            p 
y1 = a x + a x2 + .... +  a1pxp =  ∑ a2i xi                       (3.3) 11 1  12
                          i=1 
The variance of y2 is maximized by:  
         p 
∑ a22i = 1        (3.4) 
                                                               i=1 
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Since the second PC is orthogonal to the first, the variance explained by the second PC is 
a proportion of the remaining variance unexplained by the first PC (Vega, 1994; 
Dunteman, 1989). 
 The remaining PCs are calculated in the same manner, with the amount of 
variance explained by each subsequent component being smaller.  The sum of variances 
explained by all of the components will equal the total variance of the original variables:   
                     p                  p 
∑ λi =  ∑ σi2            (3.5) 
                                                           i=1                i=1 
where λi is the variance of the ith PC and σi2 is the variance of the ith variable.  The 
proportion of total variance explained by the pr retained PCs can be calculated by 
          pr  
∑ λi / pr       (3.6) 
           i=1 
for the total proportion of all PCs, or by 
λi / p           (3.7) 
for an individual PC, where p is the number of original variables (Vega, 1994; Dunteman, 
1989). 
 PCA is based upon the decomposition of either the correlation matrix, R, or the 
covariance matrix, C, of the set of original variables.  For this analysis, the correlation 
matrix is used in the PCA, so the covariance matrix shall not be discussed.  
Decomposition of R involves explaining the variation in R with regards to the weighting 
vectors and variances of the PCs, the eigenvectors and eigenvalues, respectively.  The 
values in the correlation matrix differ from the covariance matrix values because they are 
standardized values with zero mean and unit variance (Vega, 1994; Dunteman, 1989).  
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PCs are most easily interpreted when the correlations between the original variables and 
the PCs are calculated.  These correlations are known as loadings and are mapped to 
provide a spatial interpretation of each component.  Loadings for a PC are calculated by 
multiplying each eigenvector, ai, by the eigenvalue for the corresponding component. In 
mathematical form, a loading is: square root of λi x  ai.  Variables with higher correlations 
will produce higher loadings and are therefore more influential to the PC (Dunteman, 
1989).  The  PC scores, or eigenvectors (ai), are magnitudes for the variables at each data 
point; these scores allow the production of a time series describing the temporal 
variability of each PC.  The signs of eigenvectors are arbitrary. In order for PCs to be 
orthogonal to one another, the sum of cross products of elements of the first eigenvector 
and elements of the other eigenvectors must equal zero.  In equation form this is ai x a1 = 
0 for i = 1,2,...p (Dunteman, 1989, p.38).  If all the elements of a1 were positive, then 
some elements of the other eigenvalues must be negative for ai x a1 = 0 (Dunteman, 1989, 
p.38).  Dunteman states, "the signs of any latent vector can be freely reversed since we 
can multiply both sides of Ra =  λ a by -1 and still maintain equality" (Dunteman, 1989, 
p.38).  This means that the sign of the PC scores is arbitrary and can be reversed as long 
as the sign of all eigenvalues are reversed.        
 One very important aspect of PCs analysis is the question of how many 
components to retain for interpretation.  All components should not be retained, as the 
parsimonious aspect of the analysis would be negated (the total variance would be 
explained and no data reduction would occur).  The retention of PCs is subjective in most 
cases; however several general criteria exist in order to lessen the subjectivity.  The 
number of PCs to be retained also depends on the purpose of the analysis.  For 
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description of a set of variables, retaining only the first PC may suffice; whereas use of 
the PCs in subsequent multivariate statistical techniques would likely require the 
retention of several components.  The number of PCs retained also influences the results 
if rotation of the PCs is performed.  Several criteria for retaining components shall now 
be discussed.     
 Kaiser (1960) developed a criterion for retaining all PCs with eigenvalues greater 
than one.  His argument is based on the amount of information a PC contains when its 
eigenvalue is below one; at this value, the component explains less information about the 
original data than a single standardized variable with a variance of one (Daultrey, 1976; 
Dunteman, 1989).  However, this criterion may discard components important to an 
analysis; several variables may load very highly on smaller PCs without any significant 
explanation from larger components. In contrast, Kaiser's criterion may include a number 
of components with little importance.  This criterion was first developed for Classical 
Factor Analysis and should most likely be used along with other criteria when retaining 
PCs (Dunteman, 1989; Vega, 1994).  Jolliffe (1972) developed a criterion for retaining 
principal components with a correlation matrix loadings cutoff of 0.7.  Jolliffe created the 
cutoff of 0.7 because population eigenvalues greater than or equal to one can produce a 
sample eigenvalue of less than one due to sampling error (Vega, 1994; Dunteman, 1989).  
Dunteman (1989) and Daultrey (1976) suggest retaining enough principal components to 
explain a certain amount of variability decided upon prior to the analysis (e.g. 80 or 70 
percent).  Cattell (1966) developed possibly the easiest and most widely used criterion for 
component retention in climatological studies.  Cattell developed the scree plot, which 
involves plotting the eigenvalues of all the PCs and retaining the components based on a 
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break in slope.  In many cases, larger eigenvalues will be separated by the smaller values 
by a rapid change in slope on the scree plot.  The larger components to one side of the 
break in slope are retained, while the smaller components are discarded.  The utility of a 
scree plot is decreased if no obvious discontinuity in slope occurs.  In all cases, the more 
retained components, the less parsimonious the analysis (Dunteman, 1989).  For this 
analysis, the scree plot is used to retain the most important components. 
3.1.2 Spectral Analysis 
 Spectral analysis, also known as power spectrum analysis, is performed on the 
time series scores associated with the principal mode of variability of the STH to detect 
any periodic, non-random signals in the time series.  Spectral analysis is a form of 
harmonic analysis.  In classic harmonic analysis, the assumption is made that a time 
series is composed of a finite number of oscillations each with a specific wavelength. 
Power spectrum analysis provides a measure of the distribution of the variance of a time 
series by assuming the time series is composed of a virtually infinite number of small 
oscillations spanning a continuous distribution of wavelengths ranging from an infinite 
wavelength, a linear trend, to the smallest possible wavelength, which is twice the 
interval between successive observations (Mitchell et al., 1966).   
Various types of non-randomness can be revealed in a power spectrum.  A purely 
random variation in a time series, or “white noise”, would appear as a rectangular power 
spectrum, as all wavelengths contribute to the variation equally.  If a time series contains 
a pure sinusoidal waveform, the power spectrum would indicate a sharp peak at the 
appropriate periodicity.  A non-sinusoidal waveform in a time series would produce 
several peaks at the appropriate wavelengths.  A time series demonstrating quasi-periodic 
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behavior will display a power spectrum with a broader peak spanning a range of 
wavelengths.  Time series containing persistence (each value in the series is influenced 
by the preceding values) produce a spectrum, which resembles “red noise,” and is shifted 
from the longer towards the shorter wavelengths (Mitchell et al., 1966).    
Spectral analysis is excellent for determining the types of non-random signals in a 
time series; however, several limitations exist.  Spectral analysis does not illustrate exact 
periodicities as well as classic harmonic analysis.  The phase of a fluctuation in a time 
series cannot be determined using spectral analysis alone, as the power spectrum discards 
this information.  Lastly, a strong cycle present in a time series, such as an annual cycle, 
creates spectral leakage, greatly influencing other wavelengths (Mitchell et al., 1966).  
Spectral leakage can be overcome by removal of the mean or annual cycle from data and 
also by detrending data. 
Statistical significance of the spectral estimates is calculated using the sample lag-
one correlation coefficient, which estimates the population lag-one correlation 
coefficient.  A null hypothesis continuum is fitted to the spectrum where if the lag-one 
correlation coefficient does not differ from zero by a statistically significantly amount, 
the time series is regarded as free from persistence; the null continuum would be that of 
white noise.  If the lag-one correlation coefficient differs from zero by a statistically 
significant amount, the spectral peak is considered significantly different than the null 
continuum of white noise. The chi square statistic, χ2, divided by the degrees of freedom 
is used to estimate the null continuum for the sample spectral estimates (Mitchell et al., 
1966).   
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For this analysis, spectral analysis is performed on the STHTS as a whole and also 
for each of the four seasons.  To prevent spectral leakage, a split-bell cosine taper is used 
to smooth the ends of the data along with removal of the mean and linear detrending.  A 
15 percent taper is used for the monthly time series and 10 percent tapers are used for the 
seasonal time series.  Statistical significance is tested using the χ2 method briefly 
described above and in much more detail in Mitchell et al. (1966).   
3.1.3 Correlation Maps                  
Three-month seasonal means were calculated from January 1948 to December 
2001 using hydroclimatic and circulation variables (e.g. specific humidity, precipitable 
water, wind components) obtained from NCEP/NCAR Reanalysis data (Kalnay et al., 
1996).  The four seasons calculated are winter (DJF), spring (MAM), summer (JJA), and 
autumn (SON).  The seasonal time series for each variable is correlated with STHTS. 
Statistical significance of the correlation coefficients is calculated using a student’s t-test.  
T statistics calculated are two-tailed and treated as such when assessing significance.  
Maps of the correlation coefficients and statistical significances are produced to provide a 
spatial depiction of the associations between the North Atlantic STH, precipitation, 
hydroclimatic and oceanic variability around the Atlantic sector. 
3.1.4 Methodological Advantages 
 
 Several methodological advantages exist in this analysis compared to the methods 
performed in the analyses of Davis et al. (1997) and of Mächel et al. (1998).  PCA of 
SLP allows the evaluation of changes in the central pressure and the distribution of 
pressures across the subtropical Atlantic region.  Davis et al. (1997) use SLP-derived 
anticyclone frequencies rather than SLP for their PCA, which provides a pressure 
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distribution but does not allow direct observation of the intensity or central pressure of 
the STH. As the area of high pressure expands, the intensity of the high can only be 
inferred from its expansion (Davis et al., 1997).  However, a PCA is performed for both 
anticyclone frequency counts and SLP and the two are highly correlated, so the areas of 
higher frequencies do correspond somewhat to higher intensities. The methods of Davis 
et al. (1997) are not as straightforward for describing intensity of the high as the methods 
used in this analysis.  Another advantage of this analysis is that PCA allows a more direct 
representation of the temporal variability of circulation about the entire subtropical 
Atlantic region.  The spatial domain in this analysis covers a larger area of the North 
Atlantic sector than that of Davis et al. (1997), producing a more complete description of 
the subtropical Atlantic circulation.  The double pressure maximum is taken into account 
in the PCAs of both this analysis and the analysis of Davis et al. (1997), while the 
analysis of Mächel et al. (1998) uses a constrained geographic location and maximum 
pressure area to define the North Atlantic STH action center.  
3.2 Data 
 
3.2.1 Hydroclimatic and Circulation Dataset 
 Kalnay et al. (1996, 2001) provide a detailed description of the main dataset used 
in this study, the NCEP/NCAR Reanalysis.  The reanalysis was created to provide a 
research quality, climate dataset using a frozen state-of-the-art assimilation system. This 
system minimizes perceived climate discontinuities produced by the introduction of new 
data sources, which can obscure short-term climate changes and interannual variability 
(Kalnay et al., 1996).  The NCEP/NCAR Reanalysis uses this frozen assimilation system 
to produce daily and several times daily values for many climate variables, incorporating 
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data from numerous sources around the globe and producing a global dataset from 1948 
to the present.  
 The frozen assimilation system of the reanalysis compiles and analyzes data from 
land surface, satellite, aircraft, rawindsondes, pibal, and other sources received from 
government, military, and scientific organizations around the world (Kalnay et al., 1996).  
The system is considered frozen because it assimilates data from 1948 to the present 
using the same assimilation procedures.  The reanalysis is planned to continue into the 
future using the same frozen system in order to compile a lengthy climatic dataset 
without the apparent climate "jumps" created by the introduction of new observation 
methods.  The length and frozen nature of the reanalysis allows the detection of 
significant short-term climate anomalies when compared to the entire dataset.  To 
minimize the "jumps” associated with the introduction of new observing systems, the 
decision was made to perform a parallel reanalysis each time a new system is introduced.  
A parallel reanalysis consists of a year-long production of reanalysis data using 
preexisting observations and also the production of a dataset using the new observing 
system.  A comparison between the two datasets may provide insight into the effects and 
possible "jumps" produced by the new system on the time series of the data.  Three major 
periods of differing observation systems exist in the reanalysis: an early period from 
1948-1957, the modern rawindsonde period from 1958-1978, and the modern satellite 
period from 1979 to the present.  The least reliable data produced by the reanalysis occurs 
during the early period prior to the measurement of upper-air observations (Kalnay et al., 
1996).   
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 The reanalysis system is composed of a data preprocessor, an assimilation 
module, and an archive module.  The data preprocessor serves the purpose of compiling 
incoming data from the numerous sources, checking the incoming data for quality, and 
formatting this data for assimilation (Kalnay et al., 1996).  The data for the reanalysis 
comes from several major sources.  Global rawindsonde data provides upper-air 
observations collected from countries around the world.  The Comprehensive Ocean-
Atmosphere Data Set (COADS) provides data from ships, stationary and drifting buoys, 
near surface ocean measurements (e.g. XBT's), and other sources.  Aircraft data are 
received from various military sources and research and experimental sources.  Surface 
land synoptic data are also provided from various sources around the world.  Because of 
the numerous sources supplying data for the reanalysis, the preprocessor must compile 
and reformat the data before assimilation can proceed.  Data are formatted into the BUFR 
format (Binary Universal Form for the Representation of meteorological data) and 
monitored by humans to detect major errors, such as incorrect dates or locations.  If 
errors exist, they are corrected prior to assimilation into the reanalysis dataset by a system 
known as complex quality control. 
 Data assimilation module compiles the BUFR formatted observations and 
produces the actual reanalysis output using a spectral statistical interpolation scheme 
(SSI).  This three-dimensional analysis SSI scheme uses a forecast model with T62 
resolution, which creates a global coverage for the different climate variables on a 2.5˚ 
latitude x 2.5˚ longitude grid.  The reanalysis provides data at twenty-eight levels of the 
atmosphere for each grid point, allowing coverage from the surface up to approximately 3 
hPa, including five boundary layer levels, seven above 100 hPa, and sixteen levels in 
 52
between (Kalnay et al., 1996).  This vertical resolution provides good coverage of the 
troposphere and much of the stratosphere.  During the assimilation process, several 
quality control measures are performed.  Rawindsonde observations from important 
levels of the atmosphere are checked using complex quality control (CQC).  CQC 
compares observed and expected values of rawindsonde heights and temperatures, 
calculates residuals, and performs several other checks (hydrostatic, horizontal 
interpolation, and vertical interpolation) to identify and correct any errors present.  A 
temporal interpolation check is also performed on rawindsonde data to determine correct 
observation times by comparison with values twelve and twenty-four hours earlier and 
later.  All data in the assimilation process are checked by optimal interpolation quality 
control as a final screening, which determines whether errors exist due to communication, 
human, or instrumental factors and also checks for outliers in the various data types by 
using multivariate statistics and interpolation checks to determine neighboring 
observation values.  A comparison of observations to climatological values is also 
performed to assess accuracy.  Each datum that performs well in each quality control 
procedure is incorporated into the reanalysis.  An event file consisting of metadata is 
produced for each datum detailing its source and all QC related decisions and corrections 
for the researcher (Kalnay et al., 1996). 
 The archive module of the reanalysis contains several types of data produced by 
the assimilation system.  All data, as mentioned previously are accompanied by an event 
file, or BUFR observational archive, listing the steps and decisions taken during the 
quality control process and assimilation.  A main synoptic archive is also produced which 
contains first-guess 'pressure' fields, numerous variables on the model Gaussian grid, and 
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restart files to ensure reproducibility.  Pressure fields are available at 0000, 0600, 1200, 
and 1800 UTC on a 2.5˚ latitude-longitude grid.  Data from the model Gaussian grid (192 
x 94 points) range from two dimensional variables, such as radiation and solar fluxes, 
precipitation rates, and wind components at one level, to three dimensional variables 
spanning 28 sigma levels, such as specific humidities, temperatures, convection and 
diffusion rates, and wind components.   Reduced time series archives are also produced.  
These archives are time series of various climatic variables (specific humidity, flux fields, 
pressure, etc.) in chronological order, most of which are monthly means. The reanalysis 
outputs are monitored automatically for outliers by comparison with climatological 
values and also through interpolation checks.  Plots are produced, allowing human 
monitors to check for serious errors in the reanalysis output (Kalnay et al., 1996).  
 The NCEP/NCAR Reanalysis variables are separated into three major classes: A, 
B, and C.  The classification of each variable depends on the extent of influence the 
original observations and the assimilation models have on the production of a variable's 
values.  A class A variable is influenced mostly by observational values and less strongly 
by the assimilation model; this class has the highest reliability of the three classes due to 
its dependence on observations. Examples of class A variables are u-component winds, v-
component winds, and sea level pressures.  Class B variables are influenced to a greater 
extent by the dynamics and physics of the model but are still dependent on observations 
and are less reliable than class A variables.  Examples of class B variables are humidity 
and surface temperature.  Class C variables are based solely on the assimilation model 
and therefore are not dependent on observations, producing the least reliable variables.  
Examples of class C variables are precipitation and surface fluxes.  Class B and C 
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variables should be used with caution and compared to other sources when possible due 
to their reliability on the assimilation model (Kalnay et al., 1996). 
 Most of the variables used in this analysis are class A or B variables and are 
therefore fairly reliable due to a higher dependence on observations and less on the model 
physics (Table 3.1).  These more reliable variables include SLP, specific humidity, 
temperature, geopotential height, u and v-components of the wind, and precipitable 
water.  The least reliable variables used in this analysis include the heat fluxes, which are 
based only on the assimilation model.  Two variables, dew point depression (DPD) and 
moist static energy (MSTAT), are derived from the reanalysis data.  Monthly dew-point 
depression data (temperature minus dew-point temperature) at 1000 hPa were derived 
from reanalysis fields.  Moist static instability (MSI) is defined as moist static energy 
(MSTAT) at 1000 hPa minus the saturation MSTAT at 700 hPa (Seager et al., 2003; 
McHugh, 2004) and is a measure of lower tropospheric buoyancy.  MSTAT at 1000 hPa 
is given by  
MSTAT = cpT + gZ + lvq         (3.8) 
where cp is the specific heat of air at constant pressure, T is air temperature, g is 
gravitational acceleration, Z is geopotential height, lv is latent heat of vaporization, and q 
is specific humidity.  Saturation MSTAT (MSTATs) at 700 hPa is calculated as  
MSTATs = cpT + gZ + lvqs    (3.9) 
where variables are defined as in Equation 3.8 except for qs being saturation specific 
humidity.  MSTAT provides an insight into the energy content of the atmosphere due to 
moisture when integrated across all pressure levels.  The DPD describes the relative  
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Table 3.1. Hydroclimatic and circulation variables used from the NCEP/NCAR reanalysis 
dataset. 
   
Variables Used Levels Available Class 
sea level pressure (SLP) surface A 
geopotential heights (HGT) all pressure levels A 
specific humidity (SPFH) 1,000-300 hPa B 
u-component wind (UGRD) all pressure levels A 
v-component wind (VGRD) all pressure levels A 
surface temperature (TMP) surface  B 
vertical velocity (VVEL) all pressure levels B 
precipitable water (PWAT) surface  B 
moist static instability (MSI) 850 hPa B 
dew point depression (DPD) 850 hPa B 
upward longwave radiation flux  
(ULWRF) 
surface C 
 
dryness of the air by comparing the temperature with the temperature at which 
condensation could occur. 
 Studies by Higgins et al. (1996) and Higgins and Mo (1996) perform analyses on 
the moisture budget of the central U.S. during spring and on large-scale atmospheric 
moisture transport, respectively, using the NCEP/NCAR Reanalysis dataset.  In these 
analyses, the results derived using the Reanalysis data are compared to results produced 
from observations as well as the NASA Data Assimilation Office (DAO) dataset in order 
to determine the limitations of using these assimilated datasets.  Findings suggest the 
NCEP/NCAR Reanalysis has higher correlations with station observations then the 
NASA/DAO dataset; however, the assimilation datasets are more similar to one another 
than either is to the observations.  Large-scale processes and circulations are represented 
well in the NCEP/NCAR data but regional problems exist over North America.  Over the 
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central and eastern U.S., rainfall amounts are overestimated, due to overestimation of 
days with rainfall and daily mean precipitation rate (Higgins et al., 1996; Higgins and 
Mo, 1996).  The nocturnal maximum of rainfall over the Great Plains region is also 
overestimated.  The nine years of data used in Higgins and Mo's (1996) analysis found an 
unbalanced moisture budget over the central U.S. with evaporation exceeding 
precipitation.  The NCEP/NCAR Reanalysis captures the behavior and structure of the 
Great Plains LLJ fairly well, due to high resolution in the boundary layer.  Moisture flux 
divergence over the U.S. associated with the LLJ differed greatly between the 
NCEP/NCAR Reanalysis and the NASA/DAO; however, the higher resolution of the 
NCEP/NCAR model most likely produced the more accurate results (Higgins et al., 
1997).  Overall, these analyses conclude that the NCEP/NCAR Reanalysis dataset is 
useful when examining broad aspects of the atmospheric hydrologic cycle; however, 
regional biases in the dataset may affect smaller-scale studies (Higgins and Mo, 1996).     
3.2.2 Sea Surface Temperature Dataset 
 
The HadISST1 global sea ice and SST dataset, produced by the Met Office 
Hadley Center, is used for SST in this analysis.  HadISST1 replaces the GISST, the 
global sea ice and sea surface temperature dataset, and is a unique combination of SSTs 
and sea ice concentrations with a 1° latitude-longitude grid resolution spanning the period 
from 1871-present (Rayner et al., 2003).  The purpose of creating HadISST1 was to 
provide a globally complete, monthly SST dataset in which real climate signals from 
global to subregional scales are preserved while reducing errors, biases, and noise for use 
in atmospheric general circulation models and coupled atmosphere-ocean models 
(Rayner et al., 2003). 
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The HadISST1 dataset consists of quality-controlled and bias-adjusted in situ 
observations and satellite measurements.  In situ observations were acquired from ship 
observations in the Met Office Marine Data Bank, (1982-present) and monthly median 
SSTs from the Comprehensive Ocean-Atmosphere Data Set (COADS), (1871-1995).  
Satellite measurements were taken from the operational U.S. National Oceanographic and 
Atmospheric Administration (NOAA) satellite’s advanced very high-resolution 
radiometer (AVHRR). 
A reduced space optimal interpolation (RSOI) method, described in detail by 
Kaplan et al. (1997), provides coverage for data sparse ocean regions.  RSOI was applied 
to in situ gridded anomaly data (4° spatial resolution for 1871-1948 data and a 2° spatial 
resolution for later periods) and to combined in situ/satellite data to reconstruct SST 
fields utilizing EOFs (Rayner et al., 2003).  These RSOI reconstructed SST fields were 
than blended with noninterpolated gridded, in situ data to restore variance not captured by 
the large-scale RSOI (Rayner et al., 2003).  This provides SST data not solely based on 
the interpolation technique but data blended with original observations.  For areas near 
sea ice margins, statistical relationships between sea ice concentration and SST, as well 
as a Poisson blending technique described by Reynolds (1988), were utilized to calculate 
SST data (Rayner et al., 2003). 
3.2.3 Global Precipitation Dataset 
 The Climate Research Unit (CRU) of the University of East Anglia developed a 
0.5° latitude x 0.5° longitude global surface climatology dataset spanning the period 
1961-1990 (New et al., 1999).  Global precipitation data from this mean monthly 
terrestrial climatology are used for the analysis of the effects of the North Atlantic STH 
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on precipitation variability around the Atlantic sector.  Precipitation data were compiled 
for 19,800 stations from numerous sources including National Meteorological Agencies, 
the World Meteorological Organization 1961-1990 global standard normals, CRU global 
datasets of station time series, the Centro Internacional de Agricultura Tropical, several 
published sources, and other sources, such as the U.S. Air Force Climatological Data 
Volume (New et al., 1999).   
Global precipitation data were subjected to a series of quality control procedures; 
data failing the quality control procedures were excluded from the dataset.  Data were 
first subjected to internal consistency checks insuring that no predefined absolute limits 
were exceeded.  Between variable consistency checks were then performed to ensure that 
values agreed with one another, such as zero monthly precipitation consistent with a zero 
wet day for that month (New et al., 1999).  After consistency checks of the data, station 
data were interpolated as a function of latitude, longitude, and elevation using a thin-plate 
spline method (Shepard, 1984), which minimize roughness of the interpolated surface.  
Data were then assessed and validated by cross validation of the interpolation fields and 
by comparison with other climatologies.  The largest prediction errors and differences 
between climatologies occur over regions with low station densities, such as the 
American Cordillera or the Arctic.  The global precipitation dataset overall agreed fairly 
well with other widely used climatological precipitation datasets (New et al., 1999).            
3.2.4 U.S. Precipitation Dataset 
 The Climate Prediction Center 0.25° latitude x 0.25° longitude Daily US unified 
Precipitation dataset (CDC, 2004) is used to produce an analysis of precipitation across 
the United States with a higher spatial resolution than the global precipitation dataset 
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described in the preceding section.  The U.S. precipitation dataset is derived from three 
observational sources: 1) National Climate Data Center daily co-op stations, 2) a Climate 
Prediction Center dataset consisting of first order River Forecast Center stations, and 3) 
daily accumulations from an hourly precipitation dataset (CDC, 2004).  From 1948 to 
1992, data were accumulated from approximately 8,000 daily station reports and post-
1992 data were produced from approximately 13,000 daily station reports.  Data were 
quality controlled to eliminate duplicates and overlapping stations along with standard 
deviation and near neighbor comparisons.  The data set is gridded over the area, 20°N-
60°N, 140°W-60°W, using a Cressman scheme (Cressman, 1960). 
3.3 PCA Results 
Data had the annual cycle removed and then seasonal means were calculated for 
the January 1948 to December 2001 period.  Seasonal means for each variable were then 
correlated with the time series of the North Atlantic STH, which had been treated 
similarly.  A PCA was performed to identify characteristic modes of temporal variability 
of SLP across the subtropical North Atlantic, in the vicinity of the mean location of the 
STH.  Production of the spatial patterns associated with the PCs were not the objective of 
this analysis, rather the analysis was to produce a time series for analysis with regard to 
circulation and hydroclimatic anomalies.  PCA resulted in retention of the first three PCs, 
evaluated using a scree plot (Figure 3.1).  Time series scores associated with PC1 are 
used to define the temporal variability of the STH and explains approximately 35 percent 
of the variability of North Atlantic SLP.  This time series is heretofore referred to as 
PC1TS.  The remaining two PCs retained explain approximately 15 and 10 percent,  
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Figure 3.1. Scree plot for RPCA of North Atlantic SLP. 
 
respectively, but shall not be used in any of the correlation analyses.  SLP was areally-
averaged across the same domain as the PCA; this technique involves calculating a 
monthly average of SLP over the entire PCA domain producing a 648-month time series 
(January 1948-December 2001) for the STH (STHTS).  The STHTS was correlated with 
PC1TS at r = –0.92.  Keeping in mind the arbitrariness of the sign of the spatial patterns 
and the resultant time series scores produced by PC analysis, with such a high level of 
anticorrelation, the SLP area average and PC1 can be considered as describing essentially 
the same phenomena, the dominant mode of the North Atlantic STH variability.   
Given the ability of a simple areal average to reproduce PC results, the time series 
of areally-averaged subtropical North Atlantic SLP, STHTS, is henceforth used to define 
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STH variability in all of the following analyses and is correlated with the global moisture 
and circulation variables rather than PC1TS. 
3.4 Spectral Analysis Results 
 
 To determine the characteristic timescales of STH variability, spectral analyses 
were performed upon SLPTS.  An all-month spectral analysis as well as seasonal spectral 
analyses shall be presented with all time series spanning the period 1948-2001.  A split-
bell cosine taper is applied to 10 percent of data, the mean is removed, and data are 
linearly detrended to minimize spectral leakage between adjacent frequencies.  
Significance is assessed using the χ2 test outlined by Mitchell et al. (1966). 
The power spectrum of the all-month STHTS (Figure 3.2) has two significant 
peaks above the 95 percent confidence level.  The smaller peak occurs at approximately 
one year and appears to represent some aspect of the annual cycle.  Another large peak 
exists at approximately 54 months or 4.5 years.  Hasanean (2004) shows no significant 
association between El Niño-Southern Oscillation (with a periodicity around 4 years) and 
the North Atlantic STH.  A physical explanation for the 4.5-year periodicity remains 
undetermined, but is typical of ENSO (Torrence and Compo, 1998).  For DJF, the power 
spectrum shows a significant peak at the 95 percent confidence level around to 2.6 to 2.8 
years (Figure 3.3).  The MAM power spectrum (Figure 3.4) shows a peak at the 90 
percent confidence level around 3.6 to 3.8 years.  For JJA, two peaks are significant at the 
90 percent confidence level, from 2.8 to 3.0 years and approximately 7 years (Figure 3.5).  
The SON power spectrum shows no peaks significant at the 90 percent confidence level 
(Figure 3.6).  Hasanean (2004) performed a spectral analysis on the DJF and JJA seasons 
of the North Atlantic STH. Results presented here correspond well with Hasanean’s 
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(2004) power spectra, which depict a 2.3 and 2.6 year peak for DJF and an approximately 
7 year peak for JJA. 
 
 
 
 
 
Figure 3.2. All-month power spectrum of STHTS. 
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 Figure 3.3. Power spectrum of the STHTS for DJF. 
 
Figure 3.4. Power spectrum of the STHTS for MAM. 
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 Figure 3.5. Power spectrum of the STHTS for JJA. 
 
Figure 3.6. Power spectrum of the STHTS for SON. 
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CHAPTER 4: ANNUAL CYCLE 
 To understand the influence of the North Atlantic STH on precipitation variability 
around the Atlantic sector more fully than the present literature provides, the mean 
seasonal cycles of atmospheric circulation and moisture variables will be described.  The 
following climatology of relevant hydroclimatic and circulation variables is derived from 
three-month seasonal mean maps produced using NCEP/NCAR Reanalysis data from 
January 1948 to December 2001.  This climatology provides a good overview of the 
major atmospheric phenomena and their associated changes throughout an annual cycle.   
4.1 Boreal Winter 
 During DJF, the North and South Atlantic STHs, hereafter referred to as NSTH 
and SSTH, respectively, dominate the atmospheric circulation of the Atlantic basin 
(Figure 4.1).  In the North Atlantic, the NSTH produces strong westerlies in association 
with the IL, which blow across the North Atlantic midlatitudes and over Europe.  Along 
the equatorial side of the NSTH, the northeasterly trade winds flow from western Africa, 
across the tropical North Atlantic, and into the Caribbean Sea and Gulf of Mexico. The 
northeast trades veer southward over Central America and return to a more easterly flow 
over the Eastern Pacific, as the North Pacific STH, or Hawaiian High, exerts influence on 
tropical flow.   
In the South Atlantic, the SSTH reaches its annual minimum intensity during DJF, 
but continues producing a counter-clockwise circulation centered on the subtropics 
(Figure 4.1).  Along the northern edge of the SSTH circulation, the southeasterly trade 
winds flow, converging with the northeasterly trades near the equator.  In the eastern  
edge of the basin, cross-equatorial flow provides southerly flow over the Gulf of Guinea.   
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Figure 4.1. Mean DJF 1000 hPa circulation.  Wind speed is proportional to vector 
length as shown in the top right (length for 5 ms-1).  Contouring indicates 2 hPa 
increments in SLP with high and low pressure areas labeled.  Shading indicates 
precipitation rate (kg m2 day-1). 
 
The trades converge along the equator in the western portion of the basin, producing the 
confluence zone associated with the Intertropical Convergence Zone (ITCZ), the major 
rainfall producer in near equatorial tropical regions.  During late winter/early spring, the 
ITCZ approaches its southernmost latitudinal position throughout the year, providing 
rainfall for portions of Northeast Brazil and South America. Along the northern coast of 
South America, the northeasterly trade winds flow toward a low-pressure area centered 
over the Isthmus of Panama.  Across much of South America, a thermal low develops 
during boreal winter as solar insolation reaches a maximum.  This low is associated with 
weak wind speeds across much of South America.  Much of the Amazon region and 
surrounding areas experience SLP below 1012 hPa.     
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Over Africa, the eastern maximum of the NSTH and a broad surface low-pressure 
area in the tropics dominate circulation during DJF (Figure 4.1).  The eastern NSTH 
maximum produces westerly flow over coastal Mediterranean Africa and northerly to 
northeasterly flow over tropical North Africa.  The broad area of low pressure across 
tropical North Africa is associated with weak winds and slight low-level convergence; 
however, the rainfall associated with the ITCZ is to the south of the confluence area.  
Over East Africa, strong easterly/northeasterly flow off the Indian Ocean occurs during 
DJF. 
Across North America, a ridge of surface high pressure develops over the Rocky 
Mountains and the western maximum of the NSTH develops over the eastern U.S. 
(Figure 4.1).  By January, pressures at or in excess of 1020 hPa dominate the majority of 
the continent (not shown).  The higher pressures begin decreasing in February, allowing 
pressures below 1020 hPa to cover much of the U.S.  The large ridge of high pressure 
remains centered near the Great Salt Lake of Utah throughout the winter season.  During 
December and January, the central pressure of this anticyclonic circulation remains at 
1024 hPa.  By February, the high-pressure ridge begins to weaken as pressures decrease.  
The ridge produces predominantly southerly winds at the surface along the northwestern 
coast of the continental U.S. as the polar front flows around its northern side.  The polar 
front becomes westerly again as it flows past the ridge of high pressure and across North 
America east of the Rocky Mountains. 
The western maximum of the NSTH begins developing over the northeastern U.S. 
during the autumn and by December it has moved over the southeastern U.S. (Figure 
4.1).  This maximum reaches pressures of 1020 hPa in December and 1022 hPa by 
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January, which produces a weak clockwise circulation over the southeastern U.S. during 
most of the winter season.  During February, the maximum dissipates as the eastern 
maximum of the NSTH begins expanding westward across the subtropical Atlantic. 
High 1000 hPa geopotential heights occur across the Northern Hemisphere 
subtropics during DJF (Figure 4.2) and are also visible over the ocean basins associated 
with the STHs.  Maxima are clearly visible at 1000 hPa beneath the Hawaiian High (HH), 
the Rocky Mountain ridge of high pressure, and the eastern maximum of the NSTH.  In 
the Southern Hemisphere, the SSTH is visible over the subtropical South Atlantic at 1000 
and 850 hPa (Figures 4.2 and 4.3).  Lower heights occur in the equatorial oceanic regions 
as well as over South America and tropical Africa at 1000 hPa.  Over the equatorial 
Atlantic, the lower heights are aligned over the approximate mean position of the ITCZ.  
At 300 hPa, geopotential heights are higher over the tropics with a decreasing zonal 
gradient towards the polar regions (Figure 4.4).     
   
 
 
 
Figure 4.2. DJF mean 1000 hPa geopotential heights (meters). 
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Figure 4.3. DJF mean 850 hPa geopotential heights (meters). 
 
 
 
 
 
Figure 4.4. DJF mean 300 hPa geopotential heights (meters). 
 
Surface temperatures are highest in the Southern Hemisphere during DJF or 
austral summer (Figure 4.5).  Over the Atlantic, temperatures are highest (25°C and 
higher) along the equator from northeast South America to the Gulf of Guinea.  Tropical 
Africa and most of South America also experience surface temperatures greater than 
25°C, with limited areas experiencing temperatures higher than 30°C.  In northern Africa, 
the temperature gradient decreases toward the Mediterranean at all levels (Figures 4.5, 
4.6, and 4.7).  At 850 hPa, Southern Africa and North Africa (~15°N and 15°S)  
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Figure 4.5. DJF mean 1000 hPa temperature (°C). 
 
 
 
 
 
Figure 4.6. DJF mean 850 hPa temperature (°C). 
 
 
 
   
 
Figure 4.7. DJF mean 300 hPa temperature (°C). 
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experience the warmest temperatures in the Atlantic sector (Figure 4.6).  Over South 
America, 850 hPa temperatures approximate those of equatorial Africa; however the 
highest values present in tropical Africa are mostly absent over South America.  At 300 
hPa, the highest temperatures occur in the equatorial regions with expansion of higher 
temperatures over landmasses and contraction over the Atlantic and East Pacific (Figure 
4.7).  Temperature at 300 hPa decreases zonally from the equator towards the North Pole, 
with sharp gradients over North America and the Mediterranean.     
In the Northern Hemisphere during DJF, a continental effect is evident in 
temperatures.  The surface experiences warmer temperatures over the ocean basins with 
cooler temperatures over North America and Europe at the same latitudes (Figure 4.5).  
Continentality is still discernible at 850 hPa but tends to decrease with increasing 
elevation; however, warmer temperatures reach slightly farther north over the oceans than 
over land even at the 300 hPa level (Figures 4.6 and 4.7). 
During DJF, positive vertical velocities indicate subsidence over most of the 
Atlantic sector (Figures 4.8, 4.9, and 4.10).  The only areas with negative vertical 
velocities at the surface are over the west coast of South America and to a lesser extent 
over East Africa.  At 850 hPa (Figure 4.9), several other areas of uplift occur: the Pacific 
Northwest of the U.S., the trade wind convergence region of tropical North Africa, 
Eastern Africa, the west coast of South America, and the Isthmus of Panama.  The ridge 
of high pressure over the Rocky Mountains is evident at all levels as an area of strong 
subsidence. Northern Africa and the eastern ocean basins also experience subsidence at 
850 hPa as a result of the STHs.  At 300 hPa, most of the Amazon Basin exhibits uplift, 
as well as tropical South Africa (Figure 4.10).  The areas associated with the strong 
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midlatitude westerlies also indicate uplift, most likely as a result of the jet stream and 
upper level divergence. The eastern edge of the South Atlantic Basin, along with a swath 
across the tropical North Atlantic, indicate subsidence at 300 hPa. 
 
 
   
 
Figure 4.8. DJF mean 1000 hPa vertical velocities (Pa s-1). 
 
 
 
   
 
Figure 4.9. DJF mean 850 hPa vertical velocities (Pa s-1). 
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  Figure 4.10. DJF mean 300 hPa vertical velocities (Pa s-1). 
 
Moist static energy (MSTAT) indicates regions likely to produce deep tropical 
convection, with high latent and sensible heat contents, in addition to high geopotential 
heights.  At 1000 hPa, the highest values of MSTAT occur primarily over the Southern 
Hemisphere landmasses and along the equator; high values also extend across the 
equatorial Atlantic around the approximate location of the ITCZ (Figure 4.11).  The 
highest MSTAT values at 850 hPa are limited to South America and the southern half of 
Africa (Figure 4.12). 
Atmospheric moisture content is depicted using specific humidity (SPFH).  
Surface SPFH values, at all levels, are highest over South America and equatorial Africa, 
closely resembling the highest areas of MSTAT (Figures 4.13, 4.14, and 4.15).  North 
America, Europe, and northern Africa exhibit the lowest SPFH values at all levels during 
DJF.  When evaluating dew point depression values, Northern Africa and the 
southwestern U.S. are the areas where the atmosphere is farthest from saturation (Figure 
4.16).   
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    Figure 4.11. DJF mean 1000 hPa moist static energy (kJ kg-1). 
 
 
 
 
 
 Figure 4.12. DJF mean 850 hPa moist static energy (kJ kg-1). 
 
 
 
 
    Figure 4.13. DJF mean 1000 hPa specific humidity (kg kg-1). 
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  Figure 4.14. DJF mean 850 hPa specific humidity (kg kg-1). 
 
 
 
 
 
Figure 4.15. DJF mean 300 hPa specific humidity (kg kg-1). 
 
 
 
     
 
  Figure 4.16. DJF 1000 hPa dew point depression (°C). 
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3.2 Boreal Spring 
 Spring is predominantly a transitional season from winter to summer circulation 
patterns over much of the Atlantic sector. Both the NSTH and SSTH strengthen 
throughout the boreal spring, exerting increasing influence on surrounding regions.  Over 
the subtropical Atlantic Ocean, the double maximum of the NSTH has dissipated and 
leaves a single maximum over the eastern Atlantic (Figure 4.17).  This STH center 
rapidly strengthens during spring as it migrates northwestward away from the Moroccan 
coast.  As the high strengthens, it also rapidly expands to cover much more of the 
subtropical Atlantic. The region of highest pressures (1023 hPa) is now centered over 
35˚N and 30˚W and extends over a larger zonal area than during winter.  As the  
NSTH intensifies, the IL weakens, resulting in a decrease in the westerly flow across the 
midlatitude North Atlantic.  The trade winds along the southern edge of the circulation  
appear to remain approximately the same strength.  The increase in the NSTH produces a 
more clockwise-oriented flow over the North Atlantic as compared to the more zonal 
westerly and easterly flow during DJF.  Along the west coast of northern Africa, 
northerly winds occur rather than northeasterly; all of Africa, north of approximately 
10°N, experiences northerly to easterly flows.  With the strengthened NSTH, most of 
Europe no longer experiences strong westerly flow from the Atlantic.          
In the South Atlantic, the SSTH also begins to increase in strength and shift 
slightly northwestwards as the season progresses, resulting in pressure increases over 
South America and southern Africa.  As SLP rises over South America, the thermal low 
present during austral summer weakens (Figure 4.17).  During early MAM, the 
confluence and circulation mechanisms associated with the ITCZ reach their  
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Figure 4.17. Mean MAM 1000 hPa circulation.  Wind speed is proportional to 
vector length as shown in the top right (length for 5 ms-1). Contouring indicates 2 
hPa increments in SLP with high and low pressure areas labeled.  Shading 
indicates precipitation rate (kg m2 day-1). 
 
southernmost latitudinal location, producing rainfall as far south as northeastern Brazil.  
Cross-equatorial southerly flow in the eastern Atlantic basin increases as the SSTH 
strengthens, increasing the strength of the broad area of low pressure over tropical North 
Africa.  Eastern Africa experiences southwesterly flows off the Indian Ocean, as the STH 
there intensifies and shifts westward.   
Over North America, the high-pressure ridge over the western U.S. dissipates by 
early March while the western maximum of the NSTH dissipates over the eastern U.S. 
(Figure 4.17).  Lower pressures develop over the region as the primary centers of action 
appear mainly over the oceans during MAM.  The IL and Aleutian Low (AL) also 
weaken throughout MAM.  Both the NSTH and the HH experience increases in intensity 
and aerial extent as the spring progresses.  The U.S. begins experiencing moist, southerly 
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flows as pressures decrease over the continent.  In March, the trade winds move farther 
north and penetrate farther west into the Gulf of Mexico region, producing an easterly 
flow over most of the Gulf.  The southeastern U.S. experiences southerly and 
southeasterly flows, which strengthen and penetrate farther inland as the season 
progresses.  New England receives southwesterly to westerly flows during the spring 
season.  Southerly flows develop over Mexico and the southern Great Plains during 
March due to a convergence zone between the eastern circulation of the HH and the 
easterly flow from the NSTH and trade winds.  This southerly flow strengthens from 
March to May and reaches farther northward into the Great Plains producing the Great 
Plains LLJ in the latter part of the spring.  The LLJ advects large amounts of moisture 
into the central U.S. necessary for precipitation.  The western third of the U.S., from the 
Rocky Mountains to the Pacific coast, is dominated by westerly or southwesterly flow 
from the Pacific during the spring. 
 During MAM, geopotential heights at 1000 hPa decrease over North America due 
to the decrease in pressure across the continent (Figure 4.18).  Over the subtropical 
Pacific and Atlantic, heights decrease at the surface while increasing north of the 
subtropics.  This increase in heights corresponds to the weakening of the AL and IL.  At 
850 hPa (Figure 4.19), the NSTH and HH become very prominent when looking at  
geopotential height.  The expansion and strengthening of both the NSTH and HH are 
seen clearly.  North of these features, heights decrease zonally toward the equator more 
evenly than during the winter.  At the upper levels (Figures 4.20), the heights decrease 
zonally from the equator to the poles; the high-pressure ridge over the Rockies is no 
longer apparent as during DJF.   
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In the South Atlantic, surface heights also decrease, with the SSTH being the 
prominent area of higher heights (Figure 4.18).  The broad area of low pressure over 
tropical North Africa is clearly seen during MAM as an area of decreased heights at 1000 
hPa.  At 850 hPa, the SSTH remains the prominent feature across the subtropical South 
Pacific and South Africa (Figure 4.19).  The 300 hPa level during MAM is zonally 
oriented with the highest heights between approximately 15°N and 25°S, decreasing 
towards the polar regions (Figure 4.20). 
 
 
Figure 4.18. MAM mean 1000 hPa geopotential heights (meters). 
 
 
 
 
 
Figure 4.19. MAM mean 850 hPa geopotential heights (meters). 
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Figure 4.20. MAM mean 300 hPa geopotential heights (meters). 
 
In the lower levels of the troposphere during MAM, tropical North Africa exhibits 
the highest temperatures along the region of broad low pressure (Figures 4.21 and 4.22) 
with temperatures exceeding 30°C at the 1000 hPa.  Africa, as a whole, experiences the 
highest temperatures.  Across the Atlantic, the highest temperatures are aligned from the 
Gulf of Guinea to Northeast Brazil with a slight expansion from DJF (Figure 4.21 and 
4.22).  Over South America, slight cooling at 1000 hPa has taken place as the thermal 
low present during austral summer dissipates.  The 300 hPa level depicts the highest 
temperatures between approximately 15°N and 15°S, decreasing zonally toward the polar 
regions like geopotential heights (Figure 4.23).    
Temperatures at the surface over North America no longer reflect the 
continentality effect present during DJF (Figure 4.21).  Surface temperature values 
become more zonal except for a slight equatorward dip on the eastern margins of the 
subtropical highs and a poleward surge of warmer temperatures over the southwestern 
U.S. and northern Mexico.  At 850 hPa (Figure 4.22), temperatures become increasingly 
zonal; however, over Mexico and the western U.S., warmer temperatures bulge poleward.  
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The upper levels of the atmosphere appear very zonally-oriented when looking at 
temperatures (Figures 4.23).  
 
 
Figure 4.21. MAM mean 1000 hPa temperature (°C). 
 
 
 
Figure 4.22. MAM mean 850 hPa temperature (°C). 
 
 
 
Figure 4.23. MAM mean 300 hPa temperature (°C). 
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During MAM, stability generally decreases across the Atlantic basin allowing 
more uplift and rising motion.  At 1000 hPa, the only strong uplift is associated with 
central Mexico and along the western coast of South America, mentioned during DJF 
Figure 4.24).  The higher levels depict the important areas of vertical motion better than 
the surface.  At 850 hPa, the eastern circulations of the STHs exhibit sinking motion 
along the west coasts of the continents (Figure 4.25).  In tropical western Africa, the 
broad area of low pressure is noticeable as an area with rising air, equal in intensity to the 
area along the west coast of South America.  East Africa also exhibits uplift near the 
intensity of western Africa.  The general location of the ITCZ can be seen at 850 hPa 
across the equatorial Atlantic and Pacific. Much of North America experiences uplift as 
the ridge of high pressure over the Rocky Mountains and the western maximum of the 
NSTH have dissipated.  At 300 hPa (Figure 4.26), uplift occurs over northern South 
America and the Amazon, as well as over equatorial Africa.  The most intense upward 
motion at this level is over northern Brazil and is probably associated with the ITCZ.  
Areas of significant subsidence at 300 hPa occur along the tropical and subtropical North 
Atlantic and northern Africa, much of the tropical South Atlantic and southern Africa, 
and over the eastern Pacific. 
MSTAT increases at the surface across the tropics and subtropics during MAM, 
with the highest values occurring over equatorial Africa and areas along the western side 
of South America (Figure 4.27).  At 850 hPa, the same general areas have the highest 
MSTAT values; over the equatorial oceans, the high MSTAT values are confined to a 
narrow strip, most likely associated with the position of the ITCZ (Figure 4.28).  At 300 
hPa, the area over northern Brazil with the greatest uplift, also experiences the highest 
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Figure 4.24. MAM mean 1000 hPa vertical velocities (Pa s-1). 
 
 
 
 
Figure 4.25. MAM mean 850 hPa vertical velocities (Pa s-1). 
 
 
 
 
Figure 4.26. MAM mean 300 hPa vertical velocities (Pa s-1). 
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MSTAT values (Figure 4.29).  SPFH values closely resemble MSAT values (Figures 
4.30, 4.31, and 4.32).  At 1000 hPa, the highest SPFH values are located in the tropics, 
with the lowest values occurring over northern Africa (Figure 4.30).  The moisture 
content of the lower levels generally increases everywhere from DJF, except over the 
Sahara and a small area over the deserts of the southwestern U.S. (Figures 4.30 and 4.31), 
which experience an increase in dew point depression (Figure 4.33).  At 300 hPa, the area 
mentioned earlier over northern Brazil experiences the highest SPFH values (Figure 
4.32).   
 
 
Figure 4.27. MAM mean 1000 hPa moist static energy (kJ kg-1). 
 
 
 
 
Figure 4.28. MAM mean 850 hPa moist static energy (kJ kg-1). 
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Figure 4.29. MAM mean 300 hPa moist static energy (kJ kg-1). 
 
 
 
 
Figure 4.30. MAM mean 1000 hPa specific humidity (kg kg-1). 
 
 
 
 
Figure 4.31. MAM mean 850 hPa specific humidity (kg kg-1). 
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Figure 4.32. MAM mean 300 hPa specific humidity (kg kg-1). 
 
 
 
 
Figure 4.33. MAM mean 1000 hPa dew point depression (°C). 
 
3.3 Boreal Summer 
 During JJA, the North and South Atlantic STHs dominate the atmospheric 
circulation of the Atlantic basin (Figure 4.34).  Both STHs reach their annual maximum 
intensity and spatial extent during JJA, producing a large clockwise (counterclockwise) 
circulation over the North (South) Atlantic.  In the North Atlantic sector, the western 
circulation of the NSTH dominates the circulation over the eastern two-thirds of the 
continental U.S. during the summer producing southerly flow, while the eastern side of 
the STH circulation produces subsidence and northerly flow over western Africa.  Along 
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the northern side of the NSTH circulation, southwesterly flow across the midlatitude 
North Atlantic becomes westerly flow over Europe.  The southern side of the NSTH 
produces northeasterly/easterly flow across the tropical North Atlantic.   
 
 
Figure 4.34. Mean JJA 1000 hPa circulation.  Wind speed is proportional to 
vector length as shown in the top right (length for 5 ms-1).  Contouring indicates 2 
hPa increments in SLP with high and low pressure areas labeled.  Shading 
indicates precipitation rate (kg m2 day-1). 
 
 The NSTH continues its expansion and westward shift, which began during 
spring, eventually dominating much of the North Atlantic basin by July (Figure 4.34).  
During June, the center of maximum pressures (1024 hPa) covers an area from around 
20˚W to 40˚W and 30˚N to 40˚N.  The anticyclonic circulation dominates the North 
Atlantic circulation from the equator to around 60˚N and reaches from western Africa 
across the Atlantic and to the Great Plains of the U.S.  Strong southeasterly winds from 
the Gulf of Mexico flow into northern Mexico and Texas before veering north over the 
Great Plains.  East of the Great Plains, the flow is primarily southerly until reaching the 
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Midwest where the winds turn to the northeast before flowing back toward the Atlantic 
Ocean.  This southerly flow advects moisture into the continental U.S. throughout the 
summer.  By July, the NSTH reaches its greatest intensity and spatial coverage and the 
center of maximum pressure (1025 hPa) is located from 50˚W to 20˚W and 30˚N to  
around 40˚N.  Pressures greater than or equal to 1020 hPa reach westward past 70˚W.  
The southeasterly flow over Texas and Mexico remains strong and penetrates deep into 
the interior of the Great Plains.  The flow over the Gulf Coast states becomes 
southwesterly during July but, as distance from the Gulf increases, the flow becomes 
southerly and southwesterly in the Upper Mississippi and Ohio River Valleys and 
eventually westerly near the Great Lakes region.  The Atlantic coast of the U.S. 
experiences a more southwesterly flow during July than in June.  During August, the 
southeasterly flow over the Texas/northern Mexico region continues to be strong and 
penetrate deep into the Great Plains, while the southerly and southwesterly flows east of 
the Great Plains weaken.  The NSTH begins to weaken slightly as central pressures 
decrease to 1023 hPa over the same area as in July and pressures greater than or equal to 
1020 hPa retreat eastward to a western extent of around 50˚W.  
 Over the South Atlantic, the counter clockwise flow produced by the SSTH 
advects moisture into western Africa and the Amazon Basin (Figure 4.34).  Strong cross-
equatorial flow occurs across the equatorial Atlantic, flowing over the Gulf of Guinea 
into the Sahel region of western Africa.  During late JJA, the ITCZ approaches its 
northernmost latitudinal location and is the most intense out of the year.  The ITCZ 
provides rainfall for much of tropical North Africa and also over tropical northern South 
America.  Over northern Africa, the broad low pressure associated with the ITCZ is 
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located around 20°N and is intensified through convergence of the cross-equatorial flow 
of the southeasterly trades and northerly flow from anticyclonic flow over the Sahara.  
Much of southern Africa experiences westerly flow from the Indian Ocean STH.  
 Over South America, the thermal low from DJF and MAM has disappeared as 
pressure increase in association with the strengthening SSTH.  The only low-pressure 
areas of northern South America during JJA are associated with the ITCZ in the northern 
tropics (Figure 4.34).  By late JJA, pressures begin decreasing across the region once 
again, as the SSTH starts to weaken and shift back toward the eastern edge of the South 
Atlantic Basin.   
 The HH dominates the circulation of the northeast Pacific Ocean during the boreal 
summer, producing a large anticyclonic flow extending from the Alaskan coast to near 
the equator (Figure 4.34).  The central pressures reach 1027 hPa during the season as the 
high continues to migrate northwestward and strengthen.  Pressures greater than or equal 
to 1020 hPa extend from near 180˚W to 130˚W and from 25˚N to 45˚N.  The eastern side 
of the high produces a northwesterly flow along the west coast of the U.S. throughout the 
summer.  This flow veers toward the northeast along the California and Baja California 
coasts, becoming southwesterly, due to the development of a thermal low over the desert 
Southwest.  
During JJA, geopotential heights in the lower levels resemble the MAM pattern 
with a significant shift north (Figures 4.35 and 4.36).  Heights are also lower during JJA 
than during spring.  Over the subtropics of the ocean basins, the STHs are visible as 
higher geopotential heights.  Over northern Africa and the Middle East, the thermal low 
is evident as lower heights at the surface (Figure 4.35).  At 300 hPa (Figure 4.37), 
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geopotential heights are also shifted farther north than during MAM and the gradient 
from the equator to the poles is much weaker as the temperature contrast decreases.   
 
 
 
Figure 4.35. JJA mean 1000 hPa geopotential heights (meters). 
 
 
 
 
Figure 4.36. JJA mean 850 hPa geopotential heights (meters). 
 
 
 
 
Figure 4.37. JJA mean 300 hPa geopotential heights (meters). 
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Temperatures in the lower levels show the southwestern U.S. and northern 
Mexico, as well as the Sahara Desert and Middle East with the highest values (Figures 
4.38 and 4.39); this is due to the relatively low moisture content of the atmosphere over 
the area along with high amount of solar insolation during the summer.  This region also 
has the highest dew point depression (Figure 4.40), indicating the dry air, high 
temperatures and which has to be lifted to a great height before saturation can occur.  The 
continental effect is evident in the lower levels, especially at the surface, as the continent 
heats faster than the surrounding oceans with more direct sunlight (Figures 4.38 and 
4.39).  Little contrast between the temperature of the tropics and midlatitudes exists 
during JJA in all levels of the atmosphere.  The 300 hPa level indicates the warmest 
temperatures over the tropics, decreasing zonally toward the polar regions (Figure 4.41).  
 
 
   
 
Figure 4.38. JJA mean 1000 hPa temperature (°C). 
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Figure 4.39. JJA mean 850 hPa temperature (°C). 
 
 
 
     
 
Figure 4.40. JJA mean 1000 hPa dew point depression (°C). 
 
 
 
 
 
Figure 4.41. JJA mean 300 hPa temperature (°C). 
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Vertical velocities during JJA closely resemble MAM; however, there are no 
specific areas with large amounts of uplift or subsidence (Figure 4.42).  At 850 hPa 
(Figure 4.43), stability has slightly increased across much of the Atlantic sector, as 
subsidence occurs over much of the area.  The only negative vertical velocities occur 
over tropical North Africa, in the ITCZ confluence region, over East Africa, and areas of 
South and Central America.  The thermal low over the southwestern U.S. can also be 
seen as negative vertical velocities at 850 hPa.  At 300 hPa (Figure 4.44), uplift occurs 
over tropical and equatorial northern Africa and also over Central America; both are 
associated with the ITCZ. 
 
 
 
Figure 4.42. JJA mean 1000 hPa vertical velocities (Pa s-1). 
 
 
 
 
 
Figure 4.43. JJA mean 850 hPa vertical velocities (Pa s-1). 
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Figure 4.44. JJA mean 300 hPa vertical velocities (Pa s-1). 
 
 MSTAT during JJA expands poleward when compared to MAM; however, the 
values during JJA do not reach the level observed during MAM.  The largest increases in 
the lower levels during JJA occur over southern North America and the Caribbean region 
(Figures 4.45 and 4.46).  At 300 hPa, MSTAT also expands poleward but the highest 
values occur over the Arabian Peninsula (Figure 4.47).  SPFH values at 1000 hPa and 
850 hPa closely resemble MSTAT with the highest amounts of moisture from northern 
equatorial Africa, across the equatorial Atlantic, and expanding over the Caribbean 
region and southern North America and northern South America (Figures 4.48 and 4.49).  
The increase of moisture content in the western edge of the basin is a result of the strong 
easterly flow within the trade wind systems across the tropics.  This increase toward the 
western edge of the basin is also evident at 300 hPa (Figure 4.50).    
4.4 Boreal Autumn 
Like boreal spring, SON is predominantly a transitional season between the 
summer and winter circulation regimes.  The NSTH, SSTH, and HH all weaken 
substantially during the autumn and the winter double maximum of the NSTH begins  
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Figure 4.45. JJA mean 1000 hPa moist static energy (kJ kg-1). 
 
 
 
 
 
Figure 4.46. JJA mean 850 hPa moist static energy (kJ kg-1). 
 
 
 
 
 
Figure 4.47. JJA mean 300 hPa moist static energy (kJ kg-1). 
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Figure 4.48. JJA mean 1000 hPa specific humidity (kg kg-1). 
 
 
 
    
 
Figure 4.49. JJA mean 850 hPa specific humidity (kg kg-1). 
 
 
 
 
 
Figure 4.50. JJA mean 300 hPa specific humidity (kg kg-1). 
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redeveloping (Figure 4.51).  Flow across the North Atlantic becomes more zonal, as 
during DJF, with westerly flow at the midlatitudes and easterly flow across the tropics.  
The IL begins intensifying in association with the increased midlatitude westerlies.  The 
southeasterly trades continue to be strong in the tropical South Atlantic, though cross-
equatorial flow weakens substantially as the ITCZ begins a southward migration during 
late SON.  
The NSTH remains present during September but migrates eastward and 
weakens.  As the area of central pressure (1021 hPa) moves eastward, the eastern 
maximum present during the winter begins redeveloping over the northeastern U.S. 
(Figure 4.51).  Pressures greater than or equal to 1020 hPa now only extend westward 
over the Atlantic Ocean to 50˚W, with maximum pressures centered over 30˚W.  The 
eastern U.S. experiences a weak anticyclonic flow in September as the NSTH eastern 
maximum develops.  The Great Plains continue to receive a southeasterly flow, which 
does not penetrate as deeply into the interior as during the summer months.  By October, 
the eastern maximum produces a stronger anticyclonic flow over the eastern U.S. and 
reaches central pressures of 1020 hPa located over Virginia and North Carolina.  The 
southeasterly flow over the Great Plains becomes southerly and is most likely a result of 
the eastern maximum of high pressure.  The ridge of high pressure, present throughout 
the winter over the Rocky Mountains, begins redeveloping during October producing a 
westerly flow over the northern American Rockies and Great Plains.  This westerly flow 
is most likely the return of the polar front to lower latitudes.  By November, the eastern 
maximum of the NSTH weakens momentarily before re-strengthening during December; 
the anticyclonic circulation over the eastern U.S. remains though.  The western ridge  
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Figure 4.51. Mean SON 1000 hPa circulation.  Wind speed is proportional to 
vector length as shown in the top right (length for 5 ms-1).  Contouring indicates 2 
hPa increments in SLP with high and low pressure areas labeled.  Shading 
indicates precipitation rate (kg m2 day-1). 
 
continues to strengthen, reaching 1020 hPa, and the westerlies continue their southward 
progression.  The southerly flow over the Great Plains is now limited primarily to the 
Texas region. 
Over the South Atlantic, surface pressure continues to decrease as the SSTH 
weakens and shifts toward the southeast near its DJF position (Figure 4.51).  The 
behavior of the SSTH throughout the year is much more regular than its Northern 
Hemisphere counterpart, as it strengthens through MAM and JJA moving northwestward 
and then weakens during SON and DJF as it shifts southeastward.  As the SSTH 
weakens, the thermal low over South America and South Africa start to develop during 
October.  The low over the Amazon averages approximately 1009 hPa, while the low 
over South Africa averages 1010 hPa during SON.  Over most of South America, easterly 
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flow occurs from the tropical South Atlantic but winds weaken throughout the season as 
the thermal low develops.  The ITCZ reaches its northern most position during early 
SON, providing rainfall for only far northern South America.  Over southern Africa, 
easterly flow from the Indian Ocean and southerly/southwesterly flow from the South 
Atlantic converge into the thermal low over the South African Plateau.     
Across northern Africa and the Mediterranean, high pressure associated with the 
NSTH provides easterly/northeasterly flow to approximately 10°N (Figure 4.51).  Just 
south of the Sahel region of northern Africa, southerly flow from the Gulf of Guinea 
converges with the northeasterly flow in association with the ITCZ.  The intense low-
pressure area over northern Africa has dissipated since JJA and once again becomes a 
broad area of low pressure.   
In the North Pacific, the HH weakens throughout the boreal autumn and begins 
migrating southeastward towards the coast of southern California (Figure 4.51).  In 
September, the high remains near its previous position in August, with a slight 
southeastward shift and a decrease in pressure.  The eastern side of circulation continues 
producing northwesterly winds along the western coast of the U.S. with a weakening of 
the monsoonal flow over the southwest.  The AL begins developing and strengthening 
during September increasing the strength of the westerly winds flowing over western 
Canada.  During October, the HH persists with central pressures of 1021 hPa and is 
located around 30˚N and 135˚W.  The high continues producing the northwesterly winds 
along the western coast of the U.S.  The AL becomes much stronger by October resulting 
in an increase in strength of the westerlies between the high and low systems.  By 
November, the HH is centered slightly farther east than its position in October, has 
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central pressures of 1022 hPa, and continues producing northeasterly flow along the 
western coast of the U.S. (now only along the central and southern California coasts and 
over the Baja Peninsula).  The AL continues to strengthen and expand as pressures 
decrease to less than or equal to 1004 hPa creating stronger westerlies between itself and 
the HH.   
During SON, 1000 hPa geopotential heights increase substantially from JJA; the 
double maximum of the NSTH appears as well as the ridge of high pressure over the 
Rocky Mountains (Figure 4.52).  The latitudinal extents of the NSTH and HH decrease as 
heights decrease where the IL and AL begin redeveloping.  The SSTH is also evident at 
the 1000 hPa level.  At 850 hPa, the geopotential heights return to the pattern of MAM 
but cover a larger aerial extent over the North Atlantic sector, extending from central 
Mexico eastward over Africa and the southern Mediterranean (Figure 4.53).  In the 
Southern Hemisphere, heights contract longitudinally from the MAM location remaining 
primarily over the ocean.  In the upper levels of the atmosphere, the pattern also 
resembles that of MAM being zonal with an increased gradient from south to north 
(Figure 4.54).  During SON, the higher heights remain farther north than during MAM.   
Surface temperatures during SON also closely resemble the MAM pattern as 
warmer temperatures extend northward over the western North America and cooler 
temperatures return to the north over both North America and Europe (Figure 4.55).  The 
tropics remain warmer during SON than MAM due to the presence of warmer SSTs; the 
tropics actually increase in temperature at the surface from JJA probably due to a lag in 
the northward movement of warmer SSTs.  At 850 hPa, SON and MAM also resemble 
one another and the tropics continue to be warmer than temperatures during JJA (Figure  
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Figure 4.52. SON mean 1000 hPa geopotential heights (meters). 
 
 
 
 
Figure 4.53. SON mean 850 hPa geopotential heights (meters). 
 
 
 
 
Figure 4.54. SON mean 300 hPa geopotential heights (meters). 
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Figure 4.55. SON mean 1000 hPa temperature (°C). 
 
4.56).  In the upper levels (Figure 4.57), the temperatures during SON remain zonal but 
are warmer farther north than temperatures during MAM; the temperatures at these levels 
continue to be warmer than during JJA.  In the lower levels over Africa, the temperature 
pattern also resembles that of MAM, except the areas of highest temperatures are 
reversed (tropical North Africa is slightly cooler than tropical North Africa during SON) 
(Figures 4.55 and 4.56).  South America appears much the same as during MAM. 
 
 
 
Figure 4.56. SON mean 850 hPa temperature (°C). 
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Figure 4.57. SON mean 300 hPa temperature (°C). 
 
During SON, stability decreases slightly over the Atlantic sector in the lower 
levels, indicated by decreasing vertical velocities (Figures 4.58 and 4.59).  The one 
exception is the ridge of high pressure that develops over the Rocky Mountains during 
the boreal autumn; subsidence there is apparent even at the surface.  The areas with the 
greatest uplift at 850 hPa (Figure 4.59), East Africa, Northeast Brazil, the Isthmus of 
Panama region, and over western South America.  The Pacific Northwest of North 
America also experiences uplift as the westerly flow off the Pacific increases there.  At 
300 hPa (Figure 4.60), subsidence dominates most of the Atlantic sector except over 
Central America, tropical Africa near the ITCZ, and the developing thermal low of the 
Amazon Basin.  The eastern edges of the ocean basins are under the subsidence of the 
STHs.      
MSTAT increases greatly during SON across the tropical Atlantic. The western 
tropical Atlantic experiences the largest increases over the ocean basin, while the largest 
increases over land occur over South America and equatorial Africa (Figures 4.61 and 
4.62).  At 300 hPa, MSTAT increases from JJA and is zonally oriented with the highest  
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Figure 4.58. SON mean 1000 hPa vertical velocities (Pa s-1). 
 
 
 
 
Figure 4.59. SON mean 850 hPa vertical velocities (Pa s-1). 
 
 
 
 
Figure 4.60. SON mean 300 hPa vertical velocities (Pa s-1). 
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Figure 4.61. SON mean 1000 hPa moist static energy (kJ kg-1). 
 
 
 
 
Figure 4.62. SON mean 850 hPa moist static energy (kJ kg-1). 
 
values between 15°N and 15°S (Figure 4.63).  During SON, SPFH resembles the patterns 
during MAM with slightly decreased values.  In the lower levels of the atmosphere 
(Figures 4.64 and 4.65), the highest values occur over the same areas as MSTAT, 
specifically over equatorial Africa, across the northern tropical Atlantic, and over the 
Caribbean, Central America, and northern South America.  The 300 hPa pattern 
corresponds well with the lower levels (Figure 4.66).       
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Figure 4.63. SON mean 300 hPa moist static energy (kJ kg-1). 
 
 
 
 
Figure 4.64. SON mean 1000 hPa specific humidity (kg kg-1). 
 
 
 
 
Figure 4.65. SON mean 850 hPa specific humidity (kg kg-1). 
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Figure 4.66. SON mean 300 hPa specific humidity (kg kg-1). 
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CHAPTER 5: RESULTS 
This analysis describes and explains 1) the characteristic timescales of North 
Atlantic subtropical high (STH) variability, and 2) the circulation and hydroclimatic 
anomalies associated with variations in the subtropical high.  Data had the annual cycle 
removed and then seasonal means were calculated for the period January 1948 to 
December 2001.  Seasonal means for each variable were then correlated with the time 
series of the North Atlantic STH, which had been treated similarly.  A PCA was 
performed to identify characteristic modes of temporal variability of SLP across the 
subtropical North Atlantic, in the vicinity of the mean location of the STH.  Production of 
the spatial patterns associated with the PCs was not the objective of this analysis, rather 
the analysis was to produce a time series for analysis of circulation and hydroclimatic 
anomalies.  PCA resulted in retention of the first three PCs, evaluated using a scree plot 
(Figure 3.1).  The time series scores associated with RPC1 are used to define the 
temporal variability of the STH and explains approximately 35 percent of the variability 
of North Atlantic SLP.  This time series is heretofore referred to as RPC1TS.  The 
remaining two RPCs retained explain approximately 15 percent and 10 percent, 
respectively, but shall not be used in any of the correlation analyses.  SLP was areally 
averaged across the same domain as the RPCA, and was correlated with RPC1TS at r=–
0.92.  Keeping in mind the arbitrariness of the sign of the spatial patterns and the 
resultant time series scores produced by RPC analysis, with such a high level of 
anticorrelation, the SLP area average and PC1 can be considered as describing essentially 
the same phenomenon, the dominant mode of the North Atlantic STH variability.   
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Given the ability of a simple areal average to reproduce RPC results, the time 
series of areally averaged subtropical North Atlantic SLP, STHTS, is henceforth used to 
define STH variability in all of the following analyses and is correlated with the global 
moisture and circulation variables rather than RPC1TS. 
5.1 Spectral Analysis 
 To determine the characteristic timescales of STH variability, spectral analyses 
were performed upon SLPTS.  An all-month spectral analysis as well as seasonal spectral 
analyses shall be presented with all time series spanning the period 1948-2001.  A split-
bell cosine taper is applied to 10 percent of data, the mean is removed, and data are 
linearly detrended to minimize spectral leakage between adjacent frequencies.  
Significance is assessed using the χ2 test outlined by Mitchell et al. (1966). 
The power spectrum of the all-month STHTS (Figure 3.2) has two significant 
peaks above the 95 percent confidence level.  The smaller peak occurs at approximately 
one year and appears to represent some aspect of the annual cycle.  Another large peak 
exists at approximately 54 months or 4.5 years, a periodicity typical of ENSO (Torrence 
and Compo, 1998).  Hasanean (2004) found no significant association between El Niño-
Southern Oscillation and the North Atlantic STH.  A physical explanation for the 4.5-
year periodicity remains undetermined.  For DJF, the power spectrum shows a significant 
peak at the 95 percent confidence level at approximately 2.6 to 2.8 years (Figure 3.3).  
The MAM power spectrum (Figure 3.4) shows a peak at the 90 percent confidence level 
at approximately 3.6 to 3.8 years.  For JJA, two peaks are significant at the 90 percent 
confidence level, from 2.8 to 3.0 years and approximately 7 years (Figure 3.5).  The SON 
power spectrum shows no peaks significant at the 90 percent confidence level (Figure 
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3.6).  Hasanean (2004) performed a spectral analysis on the DJF and JJA seasons of the 
North Atlantic STH. The results presented here correspond well with Hasanean’s (2004) 
power spectra, which depict a 2.3 and 2.6 year peak for DJF and an approximately 7 year 
peak for JJA. 
5.2 Precipitation Anomalies Associated with the STHTS 
5.2.1 Winter   
 During DJF, a significant positive correlation between precipitation and the STH 
exists across Iceland, Ireland, Britain, Northern Europe and Scandinavia, and into 
northwestern Siberia (Figure 5.1).  These results agree well with analyses regarding 
Eurasian precipitation variability associated with the NAO (Rogers and van Loon, 1979; 
Lamb and Peppler, 1987; Hurrell, 1995; Dai et al., 1997).  A significant negative 
relationship between a strengthened STH and precipitation over lands surrounding the 
Mediterranean is evident (Southern Europe, Middle East, and Northwest Africa), also 
agreeing with previous analyses describing the NAO’s effects on precipitation variability 
(Lamb and Peppler, 1987; Dai et al., 1997).  During a positive NAO phase, the North 
Atlantic STH is most likely more intense than normal resulting in stronger westerlies, 
which are shifted northward over the Atlantic.  The northward shift of the westerlies is 
known to produce similar precipitation anomalies to those described above (e.g. Hurrell, 
1995). The effects of a strengthened STH on winds over the Atlantic sector shall be 
discussed later. 
 Across North America, most of the significant precipitation correlations occur 
across Canada during DJF (Figure 5.1).  Significant negative correlations between 
precipitation and a stronger North Atlantic STH appear over the Maritime Provinces in  
 111
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Correlations between global precipitation and the STHTS during DJF.  Isolines 
are plotted at an interval of 0.1; positive isolines are depicted by solid lines; negative 
isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades 
of gray. 
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eastern Canada.  Dai et al. (1997) also found a negative association between a high index 
NAO and precipitation in eastern Canada.  Central Canada and the Pacific Northwest 
U.S. also exhibit significant negative correlations associated with a stronger STH.  The 
southern and eastern U.S. exhibits weak positive, though statistically insignificant 
precipitation anomalies associated with a strong STH, consistent with Dai et al. (1997), 
who found a positive relationship between high NAO index winters and increased 
precipitation in the eastern U.S.  Reasons for the small number of significant anomalies 
across the U.S. are unknown.  
Significant anomalies also occur over South America and equatorial Africa, 
possibly associated with latitudinal shifts of the ITCZ (Figure 5.1). A strong positive 
relationship between precipitation and the STH exists over the central Amazon basin 
during DJF, and a small, but significant, negative correlation is found over northeastern 
Brazil.  The decrease in precipitation along the eastern edge of Brazil associated with a 
stronger North Atlantic STH slightly differs from the precipitation anomalies one would 
expect from results of Curtis and Hastenrath (1999) who found trends of enhanced lower 
level convergence, upward motion, and upper level divergence over the Amazon and the 
Atlantic ITCZ, during DJF, resulting in increased precipitable water values.   
The Sahel/Guinea region and East Africa both exhibit negative precipitation 
anomalies associated with a strengthened North Atlantic STH (Figure 5.1).  Over the 
Sahel, the negative anomaly is weak and only slightly significant.  For East Africa, the 
negative anomaly is strong and significant.  McHugh and Rogers (2001) presented results 
indicating significant decreases (increases) in Southeast African rainfall (SEAR) during 
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DJF associated with a strong (weak) NAO index.  Correlations between the NAO and 
SEAR indices of McHugh and Rogers (2001) show a strong negative relationship: -0.48  
from 1894/95-1989/90 and –0.70 since 1958.  Results presented here over East Africa are 
consistent with those of McHugh and Rogers (2001). 
5.2.2 Spring 
 During MAM, precipitation anomalies tend to decrease in intensity around the 
Atlantic sector with the exception of North America (Figure 5.2). Europe and the Sahel 
region of Africa exhibit slight negative associations with the intensity of the STH.  Much 
of northern and central Canada experience significant positive precipitation anomalies 
associated with a stronger North Atlantic STH.  Across the central and eastern U.S., 
slight negative anomalies develop.  The south-central U.S. and northern Mexico 
experience an increase in precipitation associated with the STH, which may be associated 
with the development of the Great Plains LLJ as the Bermuda High strengthens and 
expands westward throughout the spring.  Over South America, a slight positive anomaly 
develops during MAM across the northern edge of the continent, while weak negative 
anomalies develop to the south of the positive anomaly (Figure 5.2).  The Nordeste 
(Northeast) region of Brazil is slightly positive, though not significant during MAM.  
5.2.3 Summer 
 During JJA, stronger anomalies associated with the North Atlantic STH develop 
around the Atlantic sector.  Over North America, positive anomalies increase across the 
Great Plains region and along the East Coast of the U.S. (Figure 5.3).  The increase in 
precipitation agrees with the findings of Helfand and Schubert (1995) and Higgins et al. 
(1997) regarding the development of the Great Plains LLJ and its relationship to moisture  
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Figure 5.2. Correlations between global precipitation and the STHTS during MAM.  
Isolines are plotted at an interval of 0.1; positive isolines are depicted by solid lines; 
negative isolines are dashed; the thick line is the zero isoline.  Locations statistically 
significant at the 95, 99 and 99.9 percent confidence levels are shaded with increasingly 
darker shades of gray. 
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Figure 5.3. Correlations between global precipitation and the STHTS during JJA.  Isolines 
are plotted at an interval of 0.1; positive isolines are depicted by solid lines; negative 
isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades 
of gray. 
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transport over the U.S.  A negative anomaly develops along the U.S.-Canadian border 
during JJA.   
 Over Brazil, a strong positive anomaly develops during JJA, indicating an 
increase in precipitation with a stronger STH (Figure 5.3).  The rainy season in eastern 
Brazil occurs during late boreal winter/early spring (March-April) when the ITCZ is at its 
southernmost location (Hastenrath and Greischar, 1993).  The positive anomaly over the 
region during JJA may indicate a southward departure from the mean ITCZ location due 
to strengthened northeasterly trade winds produced by the North Atlantic STH.  A weaker 
STH would produce weakened northeasterly trades, resulting in decreased precipitation 
across eastern Brazil.  These positive rainfall anomalies are consistent with those 
observed by Hastenrath and Greischar (1993) and Curtis and Hastenrath (1999) who 
found trends in increased precipitable water and low-level convergence over the tropical 
Atlantic and Amazon associated with a southward shift in the ITCZ, enhancing Nordeste 
rainfall throughout the year. 
  The Sahel region experiences strong negative anomalies during JJA associated 
with a strengthened STH (Figure 5.3).  The boreal summer is the height of the season 
during which rainfall is received in the Sahel as the ITCZ reaches its northernmost 
position (Hastenrath, 1990 and 2000b).  Hastenrath (1990) found trends indicating a 
southward displacement of the ITCZ associated with Sahel drought, which appears 
related to an equatorward expansion of the North Atlantic STH.  Results of Hastenrath 
(1990 and 2000b) agree well with the observed negative association between the STH 
and Sahelian precipitation. 
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5.2.4 Autumn 
 During SON, most of the U.S. exhibits positive precipitation anomalies associated 
with a more intense North Atlantic STH (Figure 5.4).  It is hypothesized that much of this 
increase in precipitation may be related to the enhanced moisture transport over the U.S. 
associated with the Great Plains LLJ.  It has been suggested that the origin of the 
moisture transport associated with the LLJ is the circulation on the western margins of 
the Bermuda High (Helfand and Schubert, 1995; Higgins et al., 1997; Woodhouse and 
Overpeck, 1998) which results presented here appear to support. 
 The interior of South America also experiences a significant positive correlation 
with an enhanced STH during SON (Figure 5.4).  The anomaly is farther south than any 
other season and is centered over the southwest Amazon Basin.  The majority of the 
Amazon Basin shows positive, though insignificant, correlations.  As for JJA, 
speculations on the physical explanation for this anomaly shall be discussed further when 
describing wind and SST anomalies associated with the STH.  
 During SON, the Sahel region continues to experience strong negative 
correlations between precipitation and the North Atlantic STH (Figure 5.4).  Analyses 
regarding Sahelian drought and rainfall anomalies focus primarily on the main wet season 
of June to September.  The negative anomaly over the region may be associated with a 
equatorward shift of the ITCZ and associated precipitation when the STH increases in 
strength. 
5.3 U.S. Precipitation Anomalies Associated with the STHTS 
The CPC 0.25° latitude x 0.25° longitude monthly U.S. gridded precipitation 
dataset (CDC, 2004) provides a higher resolution view of the effects of the North Atlantic  
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Figure 5.4. Correlations between global precipitation and the STHTS during SON.  
Isolines are plotted at an interval of 0.1; positive isolines are depicted by solid lines; 
negative isolines are dashed; the thick line is the zero isoline.  Locations statistically 
significant at the 95, 99 and 99.9 percent confidence levels are shaded with increasingly 
darker shades of gray. 
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STH on precipitation variability across the U.S. throughout the year (Figures 5.5, 5.6, 5.7, 
and 5.8).  A comparison between the global precipitation correlation maps (Figures 5.1, 
5.2, 5.3, and 5.4) and the U.S. precipitation maps show the same basic patterns during all 
seasons.   
During DJF, the East Coast and northeastern Gulf Coast of the U.S. exhibit slight 
negative anomalies associated with a stronger STH, though only parts of Florida and New 
England are significant (Figure 5.5).  Bradbury et al. (2002; 2003) found no significant 
correlation between the NAO and precipitation in New England during winter but found 
eastward shifts in storm tracks with a negative NAO resulting in fewer storms crossing 
New England.  Results presented here tend to contradict those of Bradbury et al. (2002; 
2003) since negative precipitation anomalies over New England are associated with a 
stronger STH (which would occur during a positive NAO phase).  Over Florida, Coleman 
(1982) found increased (decreased) winter precipitation after (prior to) the 1940s.  Hurrell 
(1995) found increasing (decreasing) trends of the NAO prior to (after) the 1940s, which 
corresponds with the findings of Coleman (1982) and supports decreased (increased) 
precipitation over Florida with a stronger (weaker) STH.  Through much of the Ohio and 
mid-Mississippi River Valleys southwest to the southern plains, slight positive anomalies 
exist during DJF, though only small areas of significance occur over Arkansas and 
Tennessee.  Across most of the northern plains and the western U.S., sporadic negative 
anomalies occur, mainly toward the western coast. 
During MAM, most of the U.S. east of the Great Plains experiences slight 
negative anomalies associated with a strengthened STH (Figure 5.6).  The only 
significant area occurs over northern Florida and southeast Georgia.  The central plains 
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 Figure 5.5. Correlations between U.S. precipitation and the STHTS during DJF. Isolines are plotted at an interval of 0.1; positive 
isolines are depicted by solid lines; negative isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
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Figure 5.6. Correlations between U.S. precipitation and the STHTS during MAM. Isolines are plotted at an interval of 0.1; positive 
isolines are depicted by solid lines; negative isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades of gray.
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and much of the western U.S. also exhibit negative anomalies, with the highest 
significant correlations over the central western plains.  The south central U.S. 
experiences positive increases in precipitation associated with the STH, with the highest 
significant areas along the western Gulf Coast in southern Texas; return flow along the 
western side of a strengthened and westward expanded STH would produce southerly 
flow over this region probably resulting in positive precipitation anomalies.   
In JJA, a stronger North Atlantic STH is associated with more significant 
anomalies across the U.S. (Figure 5.7).  From the Colorado Plateau, across the southern 
plains and Gulf Coast, over much of the southeastern U.S., and up the Atlantic coast, 
significant positive anomalies develop.  The areas with the highest positive correlations 
occur over the south central U.S. (the southern Great Plains LLJ region) and over New 
England.  As mentioned for MAM, return flow along the western side of a strengthened 
STH should produce southerly flow over the south central U.S. resulting in positive 
precipitation anomalies.  The eastern Great Plains and parts of the Midwestern U.S. 
exhibit significant negative precipitation anomalies.  The northwestern areas of the U.S., 
near the U.S./Canadian border also show significant negative precipitation anomalies 
during JJA. 
During SON, much of the U.S. experiences positive precipitation anomalies 
associated with a more intense North Atlantic STH (Figure 5.8).  The northern U.S near 
the border, parts of the southwest, the southern plains, and up through the Midwest to the 
western Great Lakes exhibit significant positive anomalies.  The only significant negative 
anomalies occur over the Pacific Northwest and a small area over northwestern Florida.
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Figure 5.7. Correlations between U.S. precipitation and the STHTS during JJA. Isolines are plotted at an interval of 0.1; positive 
isolines are depicted by solid lines; negative isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
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 Figure 5.8. Correlations between U.S. precipitation and the STHTS during SON. Isolines are plotted at an interval of 0.1; positive 
isolines are depicted by solid lines; negative isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
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5.4 Sea Level Pressure 
5.4.1 Winter 
 
The North Atlantic STH dominates the North Atlantic SLP field throughout the 
year.  When the STH increases in pressure, much of the North Atlantic and surrounding 
landmasses experience an increase in pressure, especially during the warm seasons (JJA 
and SON).  During DJF observed SLP anomalies closely resemble the NAO (Figure 5.9).  
From near the equator to approximately 60°N and from the eastern U.S. to the 
Mediterranean, pressure increases are associated with a stronger STH.  North of the 
positive anomaly, across Greenland, Iceland, and the Arctic, pressures decrease as the 
STH intensifies.  This SLP anomaly pattern should produce increased westerly flow 
across the midlatitude North Atlantic resulting from a more intense pressure gradient.  
The increased SLP over the Mediterranean region should also result in westerly flow 
farther north of the region than normal, flowing over Northern Europe and Scandinavia, 
possibly resulting in a decrease in precipitation, as observed with the positive phase of 
the NAO.  No other significant SLP anomalies occur during DJF.  
5.4.2 Spring 
As the STH strengthens during MAM, the positive anomaly across the North 
Atlantic expands farther across the U.S., northern Africa and the Mediterranean, and the 
tropical North Atlantic (Figure 5.10).  The negative SLP anomaly over the Arctic region 
also strengthens.  As during DJF, an increase in westerly flow across the midlatitude 
North Atlantic would be expected with a stronger north-south SLP gradient.  An increase 
in pressure over northern Africa and the Mediterranean would probably increase 
northerly flow over the region.  This could result in a southward shift of the broad area of 
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Figure 5.9. Correlations between global SLP and the STHTS during DJF.  Isolines are  
plotted at an interval of 0.1; positive isolines are depicted by solid lines; negative isolines  
are dashed; the thick line is the zero isoline.  Locations statistically significant at the 95,  
99 and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
Figure 5.10. Correlations between global SLP and the STHTS during MAM.  Isolines are  
plotted at an interval of 0.1; positive isolines are depicted by solid lines; negative isolines  
are dashed; the thick line is the zero isoline.  Locations statistically significant at the 95,  
99 and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
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low-pressure present over tropical North Africa during MAM, decreasing low-level 
convergence.  Increased SLP over the eastern U.S. would most likely produce increased 
southerly flow within the western side of a strengthened STH.  Over the tropical Atlantic, 
SLP increases except over eastern Brazil; this should result in a southward shift of the 
northeast trade winds, reducing cross-equatorial flow in the eastern basin and displacing 
the ITCZ farther south than normal.   
A negative SLP anomaly develops over the subtropical Pacific Ocean during 
MAM, possibly indicating a decrease in pressure of the Hawaiian High in association 
with an intensified North Atlantic STH, resulting in a weakened westerly flow over the 
west coast of the U.S.  The Southern Hemisphere's polar region also experiences a 
decrease in SLP, which may indicate a displacement in storm tracks, an enhanced polar 
front, or an intensification of the Southern circumpolar vortex. 
5.4.3 Summer 
During JJA, the positive SLP anomaly greatly increases from the spring and 
extends over all of Africa and North America and into the tropical South Atlantic and 
Indian Oceans (Figure 5.11).  Over North America, this increased pressure could produce 
increased southerly or southeasterly flows over the southern part of the continent and 
increased westerly flow over the far northern areas associated with the negative SLP 
anomaly over the Arctic.  Most of southern Europe and northern Africa would probably 
experience an increase in northerly or northwesterly flow associated with enhanced SLP.  
The western Indian and tropical South Atlantic Oceans also exhibit moderate increases in 
SLP, possibly indicating increases in the strength of the STHs in each of the basins.  This 
could result in increased westerly flows over East Africa and decreased cross-equatorial  
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Figure 5.11. Correlations between global SLP and the STHTS during JJA.  Isolines are  
plotted at an interval of 0.1; positive isolines are depicted by solid lines; negative isolines  
are dashed; the thick line is the zero isoline.  Locations statistically significant at the 95,  
99 and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
 
flow over the eastern equatorial Atlantic.  An increase in pressure across the tropical 
North Atlantic, as seen in Figure 5.11, is associated with increased northeast trades 
(Hastenrath, 1990), which would probably increase easterly flow over northern South 
America.  A slight negative anomaly exists in the Pacific Ocean, continuing to imply a 
decrease in the Hawaiian High associated with an increase in the North Atlantic SLP 
field.  Across the Southern Hemisphere, especially the Indian and Atlantic Basins, an 
increased pressure gradient is associated with a stronger NSTH, indicating a possible 
increase in the westerlies over the Southern Ocean. 
5.4.4 Autumn 
SLP anomalies during SON closely resemble those of JJA, with a slight 
contraction over North America and the Indian Ocean (Figure 5.12).  Both Polar Regions 
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continue to experience decreased SLP.  The expected flow patterns associated with the 
observed SLP anomalies should also closely resemble those of JJA, with possibly slightly 
weaker effects on flow in areas with weaker anomalies, such as western North America.   
 
 
Figure 5.12. Correlations between global SLP and the STHTS during SON.  Isolines are  
plotted at an interval of 0.1; positive isolines are depicted by solid lines; negative isolines  
are dashed; the thick line is the zero isoline.  Locations statistically significant at the 95,  
99 and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
5.5 Precipitable Water and ULWRF 
5.5.1 Winter 
During DJF, the only significant anomaly in the global vertically integrated 
precipitable water field (PWAT) is negative and directly under the eastern maximum of 
the North Atlantic STH (Figure 5.13) likely resulting from the “blocking” characteristics 
of the STH preventing low pressure systems passing through that area, described by 
Lamb and Peppler (1987) or by enhancement of the subsidence inversion over the cold 
Canary Current.  Upward longwave radiation flux (ULWRF) at the top of the  
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Figure 5.13. Correlations between global PWAT and the STHTS during DJF.  Isolines are 
plotted at an interval of 0.1; positive isolines are depicted by solid lines; negative isolines 
are dashed; the thick line is the zero isoline.  Locations statistically significant at the 95, 
99 and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
 
atmosphere, which is outgoing longwave radiation from the NCEP/NCAR reanalysis and 
is a proxy for cloudiness, also shows few significant anomalies during DJF (Figure 5.14).  
The area mentioned above for PWAT displays slightly negative ULWRF anomalies, 
indicating a reduction in cloudiness, while just to the south over the tropical North 
Atlantic, a slight positive anomaly occurs, indicating increased cloudiness. 
5.5.2 Spring 
During MAM, the U.S. exhibits positive PWAT anomalies associated with a more 
intense STH (Figure 5.15), although only small areas through the Central Plains are 
significant.  This same region shows positive ULWRF indicating a decrease in cloudiness 
(Figure 5.16), which appears to contradict the PWAT anomalies over the Central Plains.  
Across equatorial Africa, PWAT is negative, agreeing with the global precipitation field.   
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Figure 5.14. Correlations between global ULWRF and the STHTS during DJF.  Isolines 
are plotted at an interval of 0.25; positive isolines are depicted by solid lines; negative 
isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades 
of gray. 
 
Figure 5.15. Correlations between global PWAT and the STHTS during MAM.  Isolines 
are plotted at an interval of 0.1; positive isolines are depicted by solid lines; negative 
isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades 
of gray. 
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Figure 5.16. Correlations between global ULWRF and the STHTS during MAM.  Isolines 
are plotted at an interval of 0.25; positive isolines are depicted by solid lines; negative 
isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades 
of gray. 
 
 
 
ULWRF is slightly positive in the same region indicating decreased cloudiness.  PWAT 
is also slightly negative over East Africa, though no significant global precipitation 
anomalies associated with the NSTH occur there during MAM.  No significant PWAT 
anomalies occur over Brazil during MAM, which differs somewhat from the precipitation 
field.  A slight negative ULWRF anomaly (increased cloudiness) is observed occur over 
the Nordeste region of Brazil, consistent with Hastenrath (2000a).   The negative 
anomaly in the eastern subtropical North Atlantic appears much stronger than in January 
and corresponds with a highly significant decrease in cloudiness.  
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5.5.3 Summer 
During JJA, stronger anomalies develop across the Atlantic sector for PWAT 
(Figure 5.17).  Much of the subtropical North Atlantic, the Gulf of Mexico, and the 
Caribbean experience a decrease in PWAT and an increase in ULWRF associated with a 
strengthened STH (Figure 5.18).  Over much of North America, significant negative 
PWAT anomalies occur, especially in the Midwest/Great Lakes region.  ULWRF shows 
little significance across the U.S. but exhibits a decrease in cloudiness across much of 
Canada.  The northern half of South America experiences strong increases in PWAT and 
strong decreases in ULWRF during JJA, agreeing with increased precipitation over the 
Amazon Basin associated with a strengthened North Atlantic STH.  The tropical South 
Atlantic also shows increased PWAT and decreased ULWRF, again agreeing with the 
findings of Hastenrath (1990) regarding an increase in cloudiness in the equatorial 
Atlantic associated with a southward shift of the ITCZ.  Northern and East Africa 
experience negative PWAT and positive ULWRF anomalies, which is in agreement with 
the precipitation field.       
5.5.4 Autumn 
During SON, much of the eastern U.S. experiences positive, though insignificant, 
PWAT anomalies (Figure 5.19).  ULWRF anomalies are negative across the U.S.; 
however, the only significant anomaly is over the southern extent of the Great Plains LLJ  
(Figure 5.20).  The Amazon and the equatorial South Atlantic experience increased 
PWAT and cloudiness during SON, corresponding with an increase in precipitation over 
the Amazon.  Northern equatorial Africa, the Gulf of Guinea, and East Africa exhibit 
significantly decreased PWAT and cloudiness; this also agrees well with precipitation  
 138
 
Figure 5.17. Correlations between global PWAT and the STHTS during JJA.  Isolines are 
plotted at an interval of 0.1; positive isolines are depicted by solid lines; negative isolines 
are dashed; the thick line is the zero isoline.  Locations statistically significant at the 95, 
99 and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
Figure 5.18. Correlations between global ULWRF and the STHTS during JJA.  Isolines 
are plotted at an interval of 0.25; positive isolines are depicted by solid lines; negative 
isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades 
of gray. 
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Figure 5.19. Correlations between global PWAT and the STHTS during SON.  Isolines are 
plotted at an interval of 0.1; positive isolines are depicted by solid lines; negative isolines 
are dashed; the thick line is the zero isoline.  Locations statistically significant at the 95, 
99 and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
Figure 5.20. Correlations between global ULWRF and the STHTS during SON.  Isolines 
are plotted at an interval of 0.25; positive isolines are depicted by solid lines; negative 
isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades 
of gray. 
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anomalies associated with a stronger North Atlantic STH.  The eastern side of the 
subtropical North Atlantic shows decreased PWAT with a slight decrease in ULWRF 
across the tropical North Atlantic and an increase in ULWRF across the subtropical 
North Atlantic.  Hastenrath (1990) also shows increased cloudiness in the tropical North 
Atlantic but also in the Caribbean Sea, which exhibits areas of positive ULWRF in Figure 
5.20. 
5.6 Moist Static Instability 
5.6.1 Winter 
During DJF, only small significant anomalies appear in the moist static instability 
(MSI) field, like many of the other variables (Figure 5.21).  Across the midlatitude North 
Atlantic, a negative anomaly develops, indicating increased stability as the North Atlantic 
STH strengthens.  A small, but significant positive anomaly occurs directly over Iceland, 
indicating decreased stability and uplift within the strengthened Icelandic Low.  These 
two patterns closely resemble the positive phase of the NAO, with an increase in stability 
associated with the STH and a decrease in stability near the Icelandic Low.  
5.6.2 Spring 
 For the Boreal spring, the positive anomaly observed over the midlatitude North 
Atlantic greatly increases, while positive anomalies strengthen on both its poleward and 
equatorward side (Figure 5.22).  The positive anomaly in the tropical North Atlantic most 
likely develops due to the northeastward movement of the STH as it strengthens 
throughout the spring, allowing decreased stability in the northeasterly trade winds.  MSI 
over North America is slightly negative, though insignificant except over western coastal 
Canada.  In the Nordeste region of Brazil and along the edge of northeastern South 
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Figure 5.21. Correlations between global MSI and the STHTS during DJF.  Isolines are 
plotted at an interval of 0.25; positive isolines are depicted by solid lines; negative 
isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades 
of gray. 
 
Figure 5.22. Correlations between global MSI and the STHTS during MAM.  Isolines are 
plotted at an interval of 0.25; positive isolines are depicted by solid lines; negative 
isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades 
of gray. 
 142
America, positive MSI anomalies develop, indicating increased instability.  An increase 
of instability associated with a stronger North Atlantic STH works well with the findings 
of Curtis and Hastenrath (1999) who found increasing low-level convergence and uplift 
over the Amazon throughout the year.  Along the northern coast of South America, MSI 
is positive, indicating increased instability with a stronger STH. This is in agreement with 
enhanced precipitation, PWAT, and cloudiness shown earlier.  One other anomaly worth 
briefly mentioning is the highly significant decrease in stability in the Hawaiian High 
region; as with decreased SLP (shown earlier), this appears to indicate an association 
between a strengthened subtropical North Atlantic circulation with a weakened 
subtropical Pacific circulation. 
5.6.3 Summer 
 During JJA, the North Atlantic Ocean exhibits negative MSI anomalies associated 
with a stronger STH, except over Bermuda, where a positive anomaly develops 
associated with a stronger STH (Figure 5.23).  Negative anomalies also develop over 
much of Canada, indicating increased stability with a more intense STH.  The Amazon 
and Nordeste region experience decreased stability, which extend over the equatorial 
Atlantic, the Gulf of Guinea, and equatorial and western Africa, during JJA.  Over South 
America and the tropical South Atlantic, the positive MSI anomaly agrees with increased 
precipitation (over South America), PWAT, and cloudiness, discussed earlier.  Over 
equatorial western Africa, the decrease in stability may be a result of increased 
temperatures associated with the decrease in cloudiness.  The positive MSI anomaly in 
the Hawaiian High region, mentioned previously, is also evident during JJA, implying a 
possible weakening of the Pacific circulation with a stronger North Atlantic circulation. 
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Figure 5.23. Correlations between global MSI and the STHTS during JJA.  Isolines are 
plotted at an interval of 0.25; positive isolines are depicted by solid lines; negative 
isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades 
of gray. 
 
 
5.6.4 Autumn 
 MSI increases across much of the tropical Atlantic and over Brazil during SON 
indicating decreased stability (Figure 5.24).  Over the Amazon, the positive MSI anomaly 
corresponds with an increase in precipitation.  Midlatitude North Atlantic and Northern 
Africa experience increases in stability associated with a stronger North Atlantic STH; 
this agrees well with decreased precipitation over northern Africa and decreased PWAT 
and cloudiness over both Africa and the midlatitude North Atlantic.  The southern U.S. 
has slightly positive MSI anomalies, though little or no significance.  MSI is negative 
across midlatitude Canada, indicating increased stability. The moist static instability 
anomalies mostly agree with those of precipitation, PWAT, and ULWRF across North 
America, though significance is fairly sporadic.  As in MAM and JJA, a decrease in 
 144
stability occurs over the Hawaiian High region in the Northeast Pacific, indicating a 
possible association between the North Atlantic and North Pacific circulations. 
 
Figure 5.24. Correlations between global MSI and the STHTS during SON.  Isolines are 
plotted at an interval of 0.25; positive isolines are depicted by solid lines; negative 
isolines are dashed; the thick line is the zero isoline.  Locations statistically significant at 
the 95, 99 and 99.9 percent confidence levels are shaded with increasingly darker shades 
of gray. 
 
5.7 Circulation Anomalies 
5.7.1 Winter 
 During DJF, vector anomaly maps produced from combined u and v wind 
components correlation coefficients near the surface (1000 hPa) and at 850 hPa (Figures 
5.25 and 5.26) closely resemble the positive phase of the NAO, with an increased 
clockwise flow over the North Atlantic and increased westerlies (Figures 5.27 and 5.28) 
from Canada across the Atlantic into Europe (Hastenrath and Greischar, 2001; Thompson 
and Wallace, 2001).  The westerlies shift northward with an increased STH, blowing over  
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Figure 5.25. Correlations between the combined 1000 hPa u and v components of the 
wind and the STHTS during DJF.  Locations statistically significant at the 95, 99 and 99.9 
percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
 
Figure 5.26. Correlations between the combined 850 hPa u and v components of the wind 
and the STHTS during DJF.  Locations statistically significant at the 95, 99 and 99.9 
percent confidence levels are shaded with increasingly darker shades of gray. 
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Figure 5.27. Correlations between global wind speeds (1000 hPa) and the STHTS during 
DJF.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by solid 
lines; negative isolines are dashed; the thick line is the zero isoline.  Locations 
statistically significant at the 95, 99 and 99.9 percent confidence levels are shaded with 
increasingly darker shades of gray. 
 
 
Figure 5.28. Correlations between global wind speeds (850 hPa) and the STHTS during 
DJF.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by solid 
lines; negative isolines are dashed; the thick line is the zero isoline.  Locations 
statistically significant at the 95, 99 and 99.9 percent confidence levels are shaded with 
increasingly darker shades of gray. 
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Northern Europe and Scandinavia rather than the Mediterranean region (Hurrell, 1995; 
Hastenrath and Greischar, 2001).  The northeasterly trades and easterly winds along the 
southern edge of STH circulation also increase and reach farther south toward the equator 
in the lower levels of the troposphere.  Over most of North Africa and the Sahel/Guinea 
region, northerly and northeasterly wind anomalies increase in association with a more 
intense STH.  This most likely produces offshore flow along the northern side of the Gulf 
of Guinea, resulting in a decrease in precipitation associated with a stronger North 
Atlantic STH.   
Over East Africa, a stronger STH is associated with a significant decrease in 
precipitation. McHugh and Rogers (2001) show that anomalous easterly flow over that 
region during positive NAO winters is associated with decreased precipitation over East 
Africa. At 850 hPa no significant anomalous westerly or southeasterly flow occurs over 
East Africa (Figure 5.26), although precipitation was shown to decrease in association 
with a stronger North Atlantic STH. At 300 hPa (Figure 5.29), winds exhibit elongated 
bands of zonal winds of alternating sign extending from the Arctic to East Africa 
described by McHugh and Rogers (2001) as an especially strong linkage between East 
African rainfall and the NAO.  A stronger STH is associated with easterly flow in the 
zonal band over East Africa, resulting in decreased precipitation during austral summers.  
McHugh and Rogers (2001) determined this anomalous zonal-band flow extends 
downward to 850 hPa and with a negative NAO, provides moist westerly flow from the 
tropical South Atlantic, enhancing precipitation over East Africa.  
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During DJF over Brazil, increased precipitation is observed over the central 
Amazon with a slight decrease over eastern Brazil.  Curtis and Hastenrath (1999) showed 
that water vapor is transported into the Amazon Basin from the equatorial and tropical 
South Atlantic and also the tropical North Atlantic during DJF.  They also found a trend 
indicating the development of a clockwise circulation over eastern Brazil associated with 
a negative tendency in the 1000 hPa height field.  The trend is found to be negligible 
regarding the increased moisture transport into the basin because northerly rather than 
easterly flow is responsible for the net increase in water vapor.  Figures 5.25 and 5.26 
depict a clockwise circulation over eastern Brazil, which is in agreement with Curtis and 
Hastenrath (1999). 
 
Figure 5.29. Correlations between the combined 300 hPa u and v components of the wind 
and the STHTS during DJF.  Locations statistically significant at the 95, 99 and 99.9 
percent confidence levels are shaded with increasingly darker shades of gray. 
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5.7.2 Spring 
 During MAM, the NAO signature present during DJF has greatly diminished 
(Figures 5.30 and 5.31).  Along the eastern side of the North Atlantic Basin, the 
northeasterly flow strengthens within the eastern side of the STH.  In the northwestern 
side of the basin, southerly and southeasterly flow increases, veering eastward south of 
Greenland and providing strengthened westerlies across the far North Atlantic into  
Scandinavia.  Figures 5.32 and 5.33 correspond with the circulation anomaly maps as 
speeds increase in the tropical North Atlantic and the midlatitudes of Canada, the North 
Atlantic, and Europe, while speeds decrease across the subtropical North Atlantic, 
particularly along the east coast of the U.S.  Several areas over the U.S. exhibit 
anomalous southerly flow near the surface with a stronger STH.  At 1000 hPa (Figure 
5.32), the south central U.S. experiences faster southerly flow, which may be associated 
with the development of the Great Plains LLJ.  Wind speeds at 850 hPa (Figure 5.33) are 
not significantly correlated with the anomalous southerly flow over the south central U.S. 
indicating the STH is not associated with the speed of the LLJ. 
Northern equatorial Africa continues to experience anomalous northeasterly flow 
with a strong decrease in cross equatorial southerly flow, resulting in a decrease in 
precipitation with a more intense North Atlantic STH (Figures 5.30 and 5.31).  Over the 
Amazon, the clockwise circulation observed during DJF and found throughout the year 
by Curtis and Hastenrath (1999) is evident; winds speeds are shown to decrease along the 
northwestern side of this circulation (Figures 5.32 and 5.33).  The 300 hPa alternating 
bands of zonal wind described by McHugh and Rogers (2001) observed during DJF are 
also somewhat apparent during MAM (Figure 5.34); however, the zonal band over East  
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Figure 5.30. Correlations between the combined 1000 hPa u and v components of the 
wind and the STHTS during MAM.  Locations statistically significant at the 95, 99 and 
99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
 
Figure 5.31. Correlations between the combined 850 hPa u and v components of the wind 
and the STHTS during MAM.  Locations statistically significant at the 95, 99 and 99.9 
percent confidence levels are shaded with increasingly darker shades of gray. 
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Figure 5.32. Correlations between global wind speeds (1000 hPa) and the STHTS during 
MAM.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by solid 
lines; negative isolines are dashed; the thick line is the zero isoline.  Locations 
statistically significant at the 95, 99 and 99.9 percent confidence levels are shaded with 
increasingly darker shades of gray. 
 
 
Figure 5.33. Correlations between global wind speeds (850 hPa) and the STHTS during 
MAM.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by solid 
lines; negative isolines are dashed; the thick line is the zero isoline.  Locations 
statistically significant at the 95, 99 and 99.9 percent confidence levels are shaded with 
increasingly darker shades of gray. 
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Figure 5.34. Correlations between the combined 300 hPa u and v components of the wind 
and the STHTS during MAM.  Locations statistically significant at the 95, 99 and 99.9 
percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
Africa is no longer apparent, rather an easterly band across the subtropical South Atlantic 
has developed. 
5.7.3 Summer 
 During JJA, the equatorial and tropical North Atlantic exhibits increased easterly 
winds associated with a stronger North Atlantic STH in the lower levels of the 
troposphere (Figures 5.35, 5.36, 5.37, and 5.38).  This increased flow becomes more 
northeasterly over the Atlantic coast of South America, which is consistent with Curtis 
and Hastenrath (1999) who found a net increase in water vapor into equatorial South 
America, with the increase resulting primarily from the north.  In the southern Amazon 
Basin, anomalous southerly flow develops.  These flows probably converge over the 
central Amazon Basin, resulting in the strong positive precipitation anomalies over Brazil 
presented earlier.  The clockwise circulation mentioned by Curtis and Hastenrath (1999)  
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Figure 5.35. Correlations between the combined 1000 hPa u and v components of the 
wind and the STHTS during JJA.  Locations statistically significant at the 95, 99 and 99.9 
percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
Figure 5.36. Correlations between the combined 850 hPa u and v components of the wind 
and the STHTS during JJA.  Locations statistically significant at the 95, 99 and 99.9 
percent confidence levels are shaded with increasingly darker shades of gray. 
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Figure 5.37. Correlations between global wind speeds (1000 hPa) and the STHTS during 
JJA.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by solid lines; 
negative isolines are dashed; the thick line is the zero isoline.  Locations statistically 
significant at the 95, 99 and 99.9 percent confidence levels are shaded with increasingly 
darker shades of gray. 
 
 
Figure 5.38. Correlations between global wind speeds (850 hPa) and the STHTS during 
JJA.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by solid lines; 
negative isolines are dashed; the thick line is the zero isoline.  Locations statistically 
significant at the 95, 99 and 99.9 percent confidence levels are shaded with increasingly 
darker shades of gray. 
 155
also appears during JJA (Figures 5.35 and 5.36).  Anomalous westerly flow occurs at 300 
hPa along the northern coast of South America in the equatorial Atlantic and becomes 
northwesterly just east of the Nordeste region of Brazil (Figure 5.39).  Across the 
subtropical South Atlantic and South America an anomalous easterly flow develops in 
association with a more intense North Atlantic STH.  Over northern South America, the 
anomalous westerly flow (to the north) and easterly flow (to the south) are consistent 
with a strong clockwise circulation in the upper levels.   
Over North America, only small anomalies are present during JJA in the lower 
levels of the troposphere (Figures 5.35, 5.36, 5.37, and 5.38).  Anomalous southeasterly 
flow occurs over the U.S. East Coast at 1000 hPa.  Anomalous westerly flow occurs 
south of Hudson Bay in Canada and also over the far southern U.S., primarily over Texas 
at 850 hPa.  This westerly flow over Texas is most likely associated with the Great Plains 
LLJ; Higgins et al. (1997) demonstrate an anomalous westerly flow over the southeastern 
U.S. from May to August.  This area over Texas corresponds to the strongest positive 
precipitation anomalies over the U.S. during JJA (Figure 5.3).  At 300 hPa, anomalous 
northerly/northwesterly flow occurs over the central U.S. (Figure 5.39).  The Hawaiian 
High region in the North Pacific experiences anomalous counter-clockwise flow and 
decreased wind speeds in the lower levels of the troposphere associated with a 
strengthened North Atlantic STH; as noted earlier, this may indicate an inverse 
relationship between the North Atlantic and Northwest Pacific circulations. 
 Over equatorial and tropical North Africa during JJA, anomalous northeasterly  
flow occurs in the lower levels of the troposphere, reaching southward over the Gulf of  
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Figure 5.39. Correlations between the combined 300 hPa u and v components of the wind 
and the STHTS during JJA.  Locations statistically significant at the 95, 99 and 99.9 
percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
Guinea (Figures 5.35 and 5.36).  Wind speeds over this area are negatively correlated 
with a strengthened North Atlantic STH, most likely indicating a decrease in the strong 
cross equatorial southeasterly flow of the East Atlantic (Figures 5.37 and 5.38).  This 
appears to indicate decreased monsoonal flow into the Sahel/Guinea region during the 
core of the rainy season associated with an increase in the STH.  Hastenrath (2000b) 
noted trends of decreasing lower-tropospheric westerly monsoon flow, during boreal 
summer, associated with the persistent drought in the Sahel.  At 300 hPa (Figure 5.39), 
anomalous southerly flow occurs along the northern coast of the Gulf of Guinea and 
across equatorial Africa.  Overall, the results presented here agree well with anomalies 
associated with decreased Sahel rainfall presented by Hastenrath (2000b) and the 
negative precipitation anomalies presented earlier for northern equatorial Africa. 
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5.7.4 Autumn 
 During SON, the tropical North Atlantic exhibits anomalous easterly flow in the 
lower levels of the troposphere, indicating an increase in the northeasterly trades 
associated with a stronger STH (Figures 5.40, 5.41, 5.42, and 5.43).  At 850 hPa the 
anomaly is southeasterly, north of the equator.  In the subtropical western Atlantic, 
anomalous easterly flow occurs indicating a weakened westerly flow; this flow becomes 
(remains) a southerly (easterly) anomaly over the eastern U.S. at 850 hPa (1000 hPa).   
Across eastern Canada, the North Atlantic, and into northern Europe and Scandinavia, 
increases in the westerlies develop with a strengthened STH.  
 As during JJA, the easterly component in the tropical North Atlantic turns 
northeasterly over South America and northerly off the coast of the Nordeste region of 
Brazil (Figures 5.40 and 5.41).  A slight clockwise circulation anomaly develops in the 
lower levels over the region, as discussed previously, accompanied by decreased wind 
speeds over most of the Amazon Basin (Figures 5.42 and 5.43).  This circulation anomaly 
and the increased northerly component of the trades agree well with the increases in 
precipitation associated with a stronger North Atlantic STH and also with the findings of 
Curtis and Hastenrath (1999).   
 During SON over equatorial Africa, an anomalous northeasterly component to the 
wind exists with decreased wind speeds (Figures 5.40, 5.41, 5.42, and 5.43).  This 
anomaly probably represents a decrease in the southeasterly/southerly cross equatorial 
flow in the Atlantic.  As during JJA, a decrease in the flow of moist, maritime air over the 
continent would occur, producing the negative precipitation anomalies presented earlier. 
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Figure 5.40. Correlations between the combined 1000 hPa u and v components of the 
wind and the STHTS during SON.  Locations statistically significant at the 95, 99 and 
99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
 
Figure 5.41. Correlations between the combined 850 hPa u and v components of the wind 
and the STHTS during SON.  Locations statistically significant at the 95, 99 and 99.9 
percent confidence levels are shaded with increasingly darker shades of gray. 
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Figure 5.42. Correlations between global wind speeds (1000 hPa) and the STHTS during 
SON.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by solid 
lines; negative isolines are dashed; the thick line is the zero isoline.  Locations 
statistically significant at the 95, 99 and 99.9 percent confidence levels are shaded with 
increasingly darker shades of gray. 
 
 
Figure 5.43. Correlations between global wind speeds (850 hPa) and the STHTS during 
SON.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by solid 
lines; negative isolines are dashed; the thick line is the zero isoline.  Locations 
statistically significant at the 95, 99 and 99.9 percent confidence levels are shaded with 
increasingly darker shades of gray. 
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 At the 300 hPa level (Figure 5.44), the elongated bands of alternating zonal flows 
described by McHugh and Rogers (2001) for the boreal winter begin developing over the 
Atlantic Basin.  The easterly band over East Africa and present during DJF (McHugh and 
Rogers (2001) is not developed during SON; however, four bands occur from the Arctic 
to the equator and two bands also occur in the subtropical and midlatitude Atlantic and 
Indian Oceans (Figure 5.44). 
 
Figure 5.44. Correlations between the combined 300 hPa u and v components of the wind 
and the STHTS during SON.  Locations statistically significant at the 95, 99 and 99.9 
percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
 
5.8 Geopotential Heights 
 Geopotential heights (HGT) correspond extremely well with the wind anomaly 
maps.  Major wind anomalies occur along areas of large gradients between differing HGT 
anomalies.  The HGT anomalies closely correspond with SLP anomalies presented 
earlier.  During DJF, at 300 hPa, little significance exists; a slight negative anomaly  
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appears over southern Greenland, a slight positive anomaly occurs over the subtropical 
North Atlantic, and slight negativeanomaly appears across the tropical North Atlantic  
(Figure 5.45).  This pattern is indicative of the higher heights within the center of the 
warm-core STH with decreasing heights away from the center to the north and south, 
producing pressure gradients resulting in the westerlies and easterly trades.  Throughout 
the remainder of the year, the pattern resembles the DJF pattern with increased areas of 
significance.  During MAM, much of the U.S. experiences increased 300 hPa heights 
with an increased STH (Figure 5.46); this could possibly be a result of the northward shift 
of the polar front.  Higher heights associated with the STH extend zonally from the 
western U.S. across the subtropical north Atlantic.  During JJA, at 300 hPa, the 
significant areas contract and shift toward the western edge of the North Atlantic (Figure 
5.47).  In SON, height anomalies at 300 hPa associated with a stronger STH extend 
zonally across the subtropical North Atlantic but do not extend over the U.S. as during 
MAM (Figure 5.48).  
5.9 Sea Surface Temperatures 
5.9.1 Winter 
 During DJF, a stronger North Atlantic STH is associated with a tripole-like SST 
anomaly pattern over the North Atlantic (Figure 5.49).  Negative anomalies develop over 
the North Atlantic in the region of the Icelandic Low and across the tropical North 
Atlantic to the Caribbean Sea.  Between these two negative anomalies, a positive 
anomaly exists over the western edge of the basin off the coast of the U.S.  This SST   
tripole anomaly pattern corresponds to the extensively documented SST tripole 
associated with the NAO (e.g. Nobre and Shukla, 1996; Mehta, 2000; Li et al., 2003). 
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Figure 5.45. Correlations between 300 hPa geopotential heights (HGT) and the STHTS 
during DJF.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by 
solid lines; negative isolines are dashed; the thick line is the zero isoline.  Locations 
statistically significant at the 95, 99 and 99.9 percent confidence levels are shaded with 
increasingly darker shades of gray. 
 
 
Figure 5.46. Correlations between 300 hPa geopotential heights (HGT) and the STHTS 
during MAM.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by 
solid lines; negative isolines are dashed; the thick line is the zero isoline.  Locations 
statistically significant at the 95, 99 and 99.9 percent confidence levels are shaded with 
increasingly darker shades of gray. 
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Figure 5.47. Correlations between 300 hPa geopotential heights (HGT) and the STHTS 
during JJA.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by 
solid lines; negative isolines are dashed; the thick line is the zero isoline.  Locations 
statistically significant at the 95, 99 and 99.9 percent confidence levels are shaded with 
increasingly darker shades of gray. 
 
 
Figure 5.48. Correlations between 300 hPa geopotential heights (HGT) and the STHTS 
during SON.  Isolines are plotted at an interval of 0.1; positive isolines are depicted by 
solid lines; negative isolines are dashed; the thick line is the zero isoline.  Locations 
statistically significant at the 95, 99 and 99.9 percent confidence levels are shaded with 
increasingly darker shades of gray. 
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Figure 5.49. Correlations between SST and the STHTS during DJF.  Isolines are plotted at 
an interval of 0.1; positive isolines are depicted by solid lines; negative isolines are 
dashed; the thick line is the zero isoline.  Locations statistically significant at the 95, 99 
and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
During a high (low) phase of the NAO, positive (negative) SST anomalies develop over 
the subtropical North Atlantic with negative (positive) anomalies to the north and south 
in the midlatitude and tropical North Atlantic.  The SSTs are related to wind speeds such 
that stronger (weaker) than normal trades or westerlies are associated with cooler 
(warmer) SSTs (as seen in Figure 5.27).  Stronger wind speeds are typically associated 
with enhanced evaporation rates and a cooling tendency, and weak wind speeds with 
reduced evaporation rates, which may result in a decreased cooling rate.  With a stronger 
STH and associated increased wind speeds in the westerlies and northeasterly trade wind 
belt, which was discussed previously, negative SST anomalies develop beneath these 
regions.  Enhanced cold and warm water advection associated with faster winds may also 
influence SSTs, such as the warm Gulf Stream in the western subtropical North Atlantic 
and the cold Canary Current along the eastern side of the basin.  SST temperatures have 
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been shown to lag atmospheric circulation by a month or two (Nobre and Shukla, 1996) 
but as anomalies develop, the overlying winds adjust to the anomalies (Marshall et al., 
2001).  In the South Atlantic, a slight warming occurs over the southern Gulf of Guinea 
and across the midlatitudes; however, no warming in the tropical South Atlantic occurs in 
association with a stronger North Atlantic STH.  The suggested mechanism of Hastenrath 
and Greischar (1993), involving SSTs and trade wind speeds agrees fairly well with the 
results presented in this analysis of the North Atlantic STHs effects on precipitation 
variability; however, no significant SST anomaly was found in the tropical South Atlantic 
during DJF or MAM.  
5.9.2 Spring 
 During MAM, the SST anomalies associated with a strengthened North Atlantic 
STH remain primarily within the North Atlantic (Figure 5.50).  Only slight positive  
SST anomalies occur of the east coast of the U.S. as much of the northern basin exhibits 
negative SST anomalies.  Off the coast of the Baja Peninsula in the eastern Pacific 
Ocean, a positive anomaly occurs.  As mentioned earlier, a possible inverse relationship 
may exist between the North Atlantic and Pacific circulations; increased SST along the 
eastern edge of the Hawaiian High circulation most likely indicates decreased wind 
speeds in that area.           
5.9.3 Summer 
 The JJA SST anomaly pattern resembles the DJF pattern (Figure 5.51).  Negative 
SST anomalies exist near Greenland and Iceland and across the tropical North Atlantic. 
The southern anomaly stretches into the Caribbean and Gulf of Mexico and up the east 
coast of the U.S.  A slight positive anomaly is situated over the Grand Banks region,  
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Figure 5.50. Correlations between SST and the STHTS during MAM.  Isolines are plotted 
at an interval of 0.1; positive isolines are depicted by solid lines; negative isolines are 
dashed; the thick line is the zero isoline.  Locations statistically significant at the 95, 99 
and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
 
 
Figure 5.51. Correlations between SST and the STHTS during JJA.  Isolines are plotted at 
an interval of 0.1; positive isolines are depicted by solid lines; negative isolines are 
dashed; the thick line is the zero isoline.  Locations statistically significant at the 95, 99 
and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
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though it is not very large.  The Indian Ocean and South Atlantic also have positive SST 
anomalies. In the Indian Ocean, much of the subtropics are positively associated with the 
North Atlantic STH while in the South Atlantic, the strong positive SST anomaly occurs 
along the South American coast in the subtropics.  Although the anomalies are stronger 
during JJA than DJF from a statistical perspective, the actual departure from normal is 
probably much larger and more significant from a geophysical perspective during DJF.   
 Hastenrath (1990 and 2000b) describes the tropical Atlantic circulation and its 
association with Sahel drought and rainfall.  Many of the mechanisms during JJA are 
consistent with the processes described for the Nordeste Region in late Boreal winter.  
Increased northeasterly trades and decreased SST are associated with a southward shift of 
the ITCZ, which provides the Sahel with much of its rainfall.  Hastenrath (2000b) found 
an indication of a southward shift of the ITCZ and related circulation phenomena 
resulting in prolonged drought conditions in the Sahel.  The results presented in this 
analysis find associations between the strengthening of the North Atlantic STH and  
atmospheric conditions leading to decreased precipitation throughout the year in the 
Sahel region. 
5.9.4 Autumn 
 During SON, SSTs anomalies in the North Atlantic are primarily negative (Figure 
5.52).  The pattern closely resembles the MAM pattern in the North Atlantic, although 
slight negative anomalies occur along the east coast of the U.S.  A slightly negative 
anomaly also develops across the tropical South Atlantic, though it is very weak.  As in 
JJA, a strong positive anomaly develops along the South American coast in the South 
Atlantic subtropics. 
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Figure 5.52. Correlations between SST and the STHTS during SON.  Isolines are plotted 
at an interval of 0.1; positive isolines are depicted by solid lines; negative isolines are 
dashed; the thick line is the zero isoline.  Locations statistically significant at the 95, 99 
and 99.9 percent confidence levels are shaded with increasingly darker shades of gray. 
 
5.10 Regional Analysis 
 In the following analysis, seasonal area averages for precipitation and moisture 
related variables across several regions are correlated with the STHTS used to define the 
NSTH.  To retain only common elements, areal averages were created to characterize 
climatic fluctuations over spatially extensive and heterogeneous regions: eastern Brazil 
(0-25°S, 60°W-35°W), the Sahel/Guinea region (0-20°N, 20°W-0°), East Africa (0-20°S, 
20°E-40°W), North America (20°N-50°N, 130°W-80°W), and the Great Plains LLJ 
(30°N-45°N, 105°W-95°W).  This analysis is performed to clarify hydroclimatic 
anomalies associated with STHTS, and to diminish some extremely noise spatial 
distributions observed in the previous sections.  A brief discussion of the correlations 
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between the regional area averages and the STHTS are provided below.  Results shall be 
presented with regard to a strengthening of the North Atlantic STH.  
5.10.1 Eastern Brazil 
During DJF, a more intense North Atlantic STH is associated with a decrease in 
stability (positive MSI) and decreased subsidence (negative VVEL)(Table 5.1).  The u-
component wind indicates an increase in easterly flow at all levels except 1000 hPa.  
Increased moisture convergence at 850 hPa (negative DIVQ) and increased atmospheric 
moisture (positive PWAT and SPFH), are associated with a stronger NSTH.  Dew point 
depression at 850 hPa (DPD850) exhibits a negative relationship with the NSTH, 
indicating that the atmosphere is closer to saturation.  The noted increase decrease in 
stability with upward vertical motions are probably associated with the higher amounts of 
moisture, leading to a more buoyant atmosphere.  A small positive, though insignificant, 
correlation with precipitation (PRE) occurs.  Upward longwave radiation flux (ULWRF) 
and outgoing longwave radiation (OLR), two proxies indicating the amount of cloud 
cover associated with convective activity, indicate a moderate increase in cloudiness.  
Temperatures also increase across the region, possibly due to an influx of warm, humid 
air. 
 In MAM, a stronger NSTH is associated with a slight decrease in stability, 
(negative MSI), and increased uplift (negative VVEL), as during DJF (Tables 5.1 and 
5.2).  PWAT and SPFH850 indicate a slight reduction in atmospheric moisture content, 
although SPFH1000 shows a slight increase at the surface and DPD850 indicates the 
atmosphere at 850 hPa is closer to saturation.  Moisture convergence at 850 hPa exhibits 
no relationship with the NSTH.  Precipitation (PRE) indicates a small negative, though 
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Table 5.1. Correlations between Brazilian areal averages and the STHTS. Single level 
variables. 
 
DJF MAM JJA SON 
Variable r r r r 
SLP 0.0 -0.03 0.29*** 0.39*** 
PWAT 0.11** -0.11** 0.31*** 0.31*** 
DPD850 -0.22*** -0.12** -0.41*** -0.49*** 
PRE 0.05 -0.02 0.11** 0.16*** 
MSTAT INSTAB 0.43*** 0.16*** 0.34*** 0.50*** 
ULWRF -0.23*** -0.21*** -0.52*** -0.49*** 
OLR -0.37*** -0.05 -0.44*** -0.26*** 
DIVQ850 -0.23*** 0.0 -0.01 0.06 
*     indicates significance at the 95% level 
**   indicates significance at the 99% level 
*** indicates significance at the 99.99% level 
 
Table 5.2. Correlations between Brazilian areal averages and the STHTS. Multi level 
variables. 
 
DJF MAM JJA SON 
Variable r r r r 
SPFH1000 0.26*** 0.12** 0.40*** 0.44*** 
SPFH850 0.08* -0.13** 0.21*** 0.25*** 
SPFH300 0.08* -0.02 0.44*** 0.34*** 
VVEL1000 -0.37*** -0.04 -0.03 -0.05 
VVEL850 -0.48*** -0.18*** -0.41*** -0.36*** 
VVEL300 -0.42*** -0.30*** -0.49*** -0.49*** 
TMP1000 0.16*** 0.06 0.03 -0.37*** 
TMP850 0.28*** 0.18*** 0.22*** -0.09* 
TMP300 -0.05 -0.26*** -0.18*** -0.04 
UGRD1000 0.0 0.20*** 0.28*** 0.17*** 
UGRD850 -0.08* 0.06 -0.06 -0.17*** 
UGRD600 -0.09* -0.01 -0.32*** -0.02 
UGRD500 -0.25*** -0.05 -0.35*** -0.07 
UGRD400 -0.25*** -0.05 -0.21*** -0.15** 
*     indicates significance at the 95% level 
**   indicates significance at the 99% level 
*** indicates significance at the 99.99% level 
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insignificant, association with a stronger NSTH.  ULWRF indicates a moderate increase 
in cloud cover across the region.  Temperatures in the lower levels exhibit an increase in 
temperature, while temperatures decrease at 300 hPa.    
 During JJA and SON, a strengthened STH is associated with increases in 
precipitation (+0.11 for JJA and +0.16 for SON) and atmospheric moisture content.  
PWAT and SPFH increase significantly resulting in decreased stability (positive MSI) 
and decreased subsidence/increased uplift (VVEL) (Tables 5.1 and 5.2).  DPD850 
indicates increased relative humidity at 850 hPa, while ULWRF and OLR exhibit strong 
correlations indicating increases in cloudiness.  An increase in SLP is also associated 
with a stronger STH. Wind shear occurs in the lower levels of the atmosphere as UGRD 
indicates a westerly wind component at the surface with an easterly component in the 
upper levels during both seasons.  JJA experiences higher temperatures in the lower 
levels with lower temperatures at 300 hPa while during SON, strong cooling occurs at the 
surface.     
 Overall, an increase in the strength of the North Atlantic STH is associated with 
decreased stability and increased uplift/decreased subsidence throughout the year.  All 
seasons also experience increased cloudiness.  During DJF, moisture content and 
temperatures increase.  In MAM, moisture content slightly decreases at 850 hPa while 
increasing slightly at the surface; temperatures increase at 850 hPa while decreasing at 
300 hPa.  Both JJA and SON exhibit increases in precipitation and moisture content of 
the atmosphere associated with increased vertical motion and decreased stability.  
Temperature relationships during JJA and SON are difficult to interpret as JJA increases 
in the low levels, while warming at 300 hPa, and SON exhibits decreased temperatures at 
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all levels.  The u-component wind indicates increased shear occurring in the troposphere 
during boreal summer and autumn. 
5.10.2 Sahel/Guinea 
The Sahel/Guinea region displays fairly consistent associations with a 
strengthened North Atlantic STH throughout much of the year (Tables 5.3 and 5.4).  A 
more intense STH is strongly associated with an increase in SLP, increased stability 
(positive MSI), and increased subsidence (positive VVEL) during all seasons, except JJA 
where stability decreases (negative MSI).  Precipitation and atmospheric moisture content 
are strongly negatively correlated with a stronger NSTH in all seasons, with the exception 
of a slight increase in SPFH and a higher relative humidity (negative DPD850) in the 
lower levels during JJA.  Precipitation (PRE) indicates moderate decreases in DJF (-
0.28), MAM (-0.35), and SON (-0.34), while decreases in moisture content (PWAT and 
SPFH) are also moderately negatively correlated to a stronger STH.  JJA experiences the 
strongest negative correlation for precipitation (-0.39) regardless of the increased low-
level SPFH.  Low-level moisture divergence occurs throughout the year with a more 
intense NSTH.  ULWRF and OLR indicate decreases in cloudiness during JJA and SON, 
while DJF indicates an increase in cloudiness.  The u-component of the wind also closely 
agrees throughout the year; an increased easterly/decreased westerly component occurs in 
the lower levels while increased westerly/decreased easterly winds occur in the upper 
levels.  Temperatures generally decrease in all levels throughout the year.  The positive  
SPFH and negative dew point depression during JJA may be related to the encroachment  
 
of the ITCZ, as it approaches its northernmost location at this time of the year. 
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Table 5.3. Correlations between Sahel/Gulf of Guinea areal averages and the STHTS. 
Single level variables. 
 
DJF MAM JJA SON 
Variable r r r r 
SLP 0.49*** 0.47*** 0.58*** 0.64*** 
PWAT -0.29*** -0.15*** -0.13** -0.44*** 
DPD850 0.55*** 0.16*** -0.24*** 0.29*** 
PRE -0.28*** -0.35*** -0.39*** -0.34*** 
MSTAT INSTAB -0.58*** -0.22*** 0.25*** -0.37*** 
ULWRF -0.13** -0.04 0.40*** 0.42*** 
OLR -0.20** 0.03 0.42*** 0.0 
DIVQ850 0.02 0.11** 0.13** 0.17*** 
*     indicates significance at the 95% level 
**   indicates significance at the 99% level 
*** indicates significance at the 99.99% level 
 
Table 5.4. Correlations between Sahel/Gulf of Guinea areal averages and the STHTS. 
Multi level variables. 
 
DJF MAM JJA SON 
Variable r r r r 
SPFH1000 -0.63*** -0.36*** 0.10* -0.40*** 
SPFH850 -0.41*** -0.04 0.25*** -0.27*** 
SPFH300 0.16*** -0.11** -0.49*** -0.52*** 
VVEL1000 0.37*** 0.0 -0.05 0.21*** 
VVEL850 0.26*** 0.34*** 0.43*** 0.28*** 
VVEL300 0.14** -0.14** 0.17*** 0.19*** 
TMP1000 -0.51*** -0.29*** -0.09* -0.24*** 
TMP850 -0.32*** -0.26*** 0.07 -0.12** 
TMP300 0.06 -0.23*** -0.20*** -0.25*** 
UGRD1000 -0.62*** -0.39*** -0.38*** -0.56*** 
UGRD850 -0.42*** -0.34*** -0.39*** -0.49*** 
UGRD500 0.20*** 0.11** -0.39*** -0.35*** 
UGRD300 0.18*** 0.33*** 0.29*** 0.31*** 
*     indicates significance at the 95% level 
**   indicates significance at the 99% level 
*** indicates significance at the 99.99% level 
 174
5.10.3 East Africa 
 As with the Sahel/Guinea region, East Africa also exhibits similar associations 
between a strengthened north Atlantic STH and moisture and precipitation variables 
throughout most of the year (Tables 5.5 and 5.6).  All the seasons indicate a reduction in 
atmospheric moisture content and precipitation; negative correlations for precipitation 
(PRE) are much weaker than for the Sahel/Guinea region (DJF, -0.10; MAM, -0.09; JJA, 
-0.13; SON, -0.19).  The correlations of the u-component winds with the STH also 
correspond well throughout the year in East Africa.  During DJF, UGRD indicates an 
increased easterly component at all levels; MAM, JJA, and SON exhibit an increased 
easterly component at the lower levels of the troposphere (850 hPa and 500 hPa) and an 
increased westerly component at 300 hPa.  Temperatures and VVEL vary from season to 
season.  During DJF and MAM, decreased subsidence occurs at the surface (850 hPa) 
with increased subsidence in the higher levels; at 850 hPa, temperatures increase while in 
the higher levels they decrease.  For JJA, increased subsidence occurs at all levels, while 
temperatures increase at the surface and decrease at higher levels.  During SON, 
temperatures decrease throughout the troposphere, while subsidence decreases at the 
surface and increase at 300 hPa.   
5.10.4 North America 
 During DJF, a stronger STH is related to an increase in SLP across the continent 
(Tables 5.7 and 5.8).  Associated with this pressure increase are a moderate increase in 
subsidence in the lower levels of the atmosphere (positive VVEL) and an increase in  
temperatures throughout the troposphere; with an increase in stability also observed 
(negative MSI).  The moisture content of the troposphere tends to increase with a 
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Table 5.5. Correlations between East Africa areal averages and the STHTS. Single level 
variables. 
 
DJF MAM JJA SON 
Variable r r r r 
SLP 0.30*** 0.29*** 0.50*** 0.52*** 
PWAT -0.42*** -0.30*** -0.16*** -0.34*** 
DPD850 0.41*** 0.13** -0.20*** -0.17*** 
PRE -0.10* -0.09* -0.13** -0.19*** 
MSTAT INSTAB -0.55*** -0.06 -0.04 -0.01 
ULWRF 0.41*** 0.10* 0.32*** 0.17*** 
OLR 0.10 -0.02 0.0 0.07 
DIVQ850 0.0 0.27*** -0.05 -0.09* 
*     indicates significance at the 95% level 
**   indicates significance at the 99% level 
*** indicates significance at the 99.99% level 
 
Table 5.6. Correlations between East Africa areal averages and the STHTS. Multi level 
variables. 
 
DJF MAM JJA SON 
Variable r r r r 
SPFH850 -0.42*** -0.24*** 0.0 -0.12** 
SPFH500 -0.35*** -0.18*** -0.40*** -0.50*** 
SPFH300 -0.37*** -0.24*** -0.38*** -0.17*** 
VVEL850 -0.17*** -0.11** 0.23*** -0.13** 
VVEL500 0.22*** 0.06 0.19*** 0.07 
VVEL300 0.23*** 0.21*** 0.38*** 0.30*** 
TMP850 0.18*** 0.09* 0.24*** -0.09* 
TMP500 -0.10* -0.40*** -0.40*** -0.19*** 
TMP300 -0.09* -0.27*** -0.41*** -0.30*** 
UGRD850 -0.19*** -0.18*** -0.31*** -0.34*** 
UGRD500 -0.49*** -0.21*** -0.44*** -0.42*** 
UGRD300 -0.31*** 0.12** 0.26*** 0.19*** 
*     indicates significance at the 95% level 
**   indicates significance at the 99% level 
*** indicates significance at the 99.99% level 
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stronger STH even though moisture divergence increases; specific humidity (SPFH) and 
precipitable water (PWAT) exhibit moderate positive correlations and dew point 
depression (DPD) shows a slight negative correlation, which indicates an atmosphere 
closer to saturation.  The moisture divergence may be counteracted by a stronger influx 
of water vapor associated with a stronger STHTS.  Precipitation (PRE) shows no 
significant relationship with the STH during DJF.  ULWRF and OLR exhibit moderate 
positive correlations, indicating decreases in cloudiness.   
 In MAM, a stronger STH is also associated with higher SLP and higher 
temperatures across the continent.  Vertical velocities are positive in the lower levels of 
the troposphere, indicating increased subsidence.  Although pressure and subsidence are 
associated with a strengthened STH, precipitation and moisture variables tend to increase 
across the continent, as during DJF. Precipitation exhibits a strong correlation (+0.41, 
significant at the 99.99 percent level), while SPFH and PWAT show slightly weaker 
positive correlations.  Dew point depression (DPD) experiences a slight decrease in 
association with a stronger STH.  ULWRF and OLR indicate a moderate decrease in 
cloudiness.   
 During JJA, the strengthening of the STH is strongly associated with a SLP 
increase across North America.  In lower levels, positive VVEL indicates subsidence, 
while at the 300 hPa level, an upward component appears.  Precipitation across the 
continent increases moderately (+0.22, significant at the 99.99 percent level) along with 
increased cloud cover (negative OLR), while overall moisture content decreases  
(negative PWAT).  Temperatures decrease throughout the troposphere, which may be 
associated with increased cloud cover. 
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Table 5.7. Correlations between North American areal averages and the STHTS. Single 
level variables. 
 
DJF MAM JJA SON 
Variable r r r r 
SLP 0.48*** 0.35*** 0.81*** 0.59*** 
PWAT 0.21*** 0.20*** -0.27*** -0.08* 
DPD850 -0.09* -0.15** -0.02 -0.28*** 
PRE 0.0 0.41*** 0.22*** 0.18*** 
MSTAT INSTAB -0.35*** 0.0 -0.03 0.03 
ULWRF 0.38*** 0.20*** -0.04 -0.18*** 
OLR 0.12* 0.24*** -0.25*** -0.35*** 
DIVQ850 0.30*** 0.02 0.14** 0.01 
*     indicates significance at the 95% level 
**   indicates significance at the 99% level 
*** indicates significance at the 99.99% level 
 
 
Table 5.8. Correlations between North American areal averages and the STHTS. Multi 
level variables. 
 
DJF MAM JJA SON 
Variable r r r r 
SPFH1000 0.29*** 0.32*** -0.17*** 0.02 
SPFH850 0.20*** 0.31*** -0.22*** -0.01 
SPFH300 0.01 -0.08* -0.12** -0.02 
VVEL1000 0.29*** 0.22*** 0.23*** 0.25*** 
VVEL850 0.21*** 0.23*** 0.10* 0.20*** 
VVEL300 -0.04 0.07 -0.22*** -0.17*** 
TMP1000 0.20*** 0.30*** -0.28*** -0.33*** 
TMP850 0.34*** 0.30*** -0.23*** -0.23*** 
TMP300 0.58*** 0.44*** -0.17*** -0.06 
 *     indicates significance at the 95% level 
**   indicates significance at the 99% level 
*** indicates significance at the 99.99% level 
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 In SON, SLP is strongly affected by an increase in the strength of the STH.  As in 
JJA, increased subsidence occurs in the lower levels (-VVEL) with an upward component 
in the upper levels (+VVEL).  Precipitation also increases slightly during SON (+0.18), 
while no large change in moisture content of the atmosphere occurs.  ULWRF and OLR, 
like during JJA, indicate an increase in cloudiness which corresponds to a decrease in 
temperatures throughout the troposphere.  
 Due to the extreme heterogeneity of North American terrain, climatic anomalies 
associated with the STH are difficult to explain regarding possible precipitation and 
circulation mechanisms.  During DJF and MAM, although SLP and subsidence increase, 
along with a decrease in cloud cover, precipitation and atmospheric moisture content 
increase.  Even with increased subsidence associated with the STHTS, the atmosphere 
becomes less dense with the addition of water vapor and an increase in temperature.  A 
possible explanation for the increase in precipitation over North America during DJF and 
MAM is an increase in frontal lifting associated with stronger westerlies and more 
frequent cyclonic activity traversing the continent.   
During JJA, explanation of the observed anomalies associated with a stronger 
STH proves even more difficult.  Moisture content decreases, while precipitation and 
cloudiness increase.  Increases in SLP and subsidence in the lower levels occur, while 
temperatures decrease.  Increased cloud cover may explain the decreased tropospheric 
temperatures.  SON experiences little association between a stronger STH and the 
moisture content of the atmosphere, although an increase in precipitation occurs.  As 
during JJA, SLP and subsidence increase, while tropospheric temperatures decrease, 
which may be associated with an increase in cloud cover.  Overall, the mechanisms 
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involved in increased precipitation across North America associated with the North 
Atlantic STH seem to differ between the cool and warm seasons.     
5.10.5 Great Plains Low-Level Jet 
A strengthening of the North Atlantic STH produces increased SLP over the LLJ 
region throughout the year with the strongest correlation occurring during JJA. (Tables 
5.9 and 5.10).  During the cool seasons, DJF and MAM, temperatures increase 
throughout the troposphere while in the warm seasons, JJA and SON, temperatures 
decrease.  ULWRF and OLR indicate decreased (increased) cloudiness during the cool 
(warm) seasons in the LLJ region. An inverse relationship between cloudiness and 
temperatures is most likely relevant for the LLJ region.   
 During DJF and MAM, precipitation and moisture content (positive PWAT and 
SPFH) increase with a strengthened STH.  Precipitation during MAM is strongly 
correlated (+0.42, significant at the 99.99 percent level) with the STHTS.  An increase in 
moisture convergence occurs during MAM at 850 hPa (DIVQ850, -0.22, significant at the 
99.99 percent level), which is likely a result of the formation of the LLJ.  A negative 
correlation between the STHTS and the dew point depression at 850 hPa (DPD850) 
indicates the atmosphere is closer to saturation during both of the cool seasons.  MSI is 
negatively correlated with a stronger STH during DJF, indicating increased stability.  
Vertical motion exhibits no significance in the lower levels of the troposphere during DJF 
and MAM but indicates slight uplift (negative VVEL) at 300 hPa for DJF and slight 
subsidence (positive VVEL) for MAM.  The uplift at 300 hPa during DJF could possibly 
be associated with uplift from the jet stream as the westerlies increase with a stronger 
STH.   
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During JJA, precipitation increases (+0.16, significant at the 99.99 percent level), 
while moisture content decreases.  Weak moisture divergence occurs associated with a 
strengthened STH.  Slight uplift occurs at all levels during JJA, though amounts are 
insignificant in the lower levels.  For SON, a slight decrease in stability occurs but no 
large moisture or precipitation increase arises.  DPD850 indicates the atmosphere is closer 
to saturation, which most likely is due to decreased temperatures.  Uplift occurs at all 
levels during SON, though it is insignificant at the surface. 
As for the whole of North America, relationships between the North Atlantic STH 
and climatic variability are difficult to interpret.  The heterogeneity of the terrain across 
the LLJ region and the extremes of climate from the warm to cool seasons may play a 
role in the difficulty of interpreting these complex relationships.   
 
Table 5.9. Correlations between GPLLJ areal averages and the STHTS. Single level 
variables. 
 
DJF MAM JJA SON 
Variable r r r r 
SLP 0.41*** 0.21*** 0.75*** 0.35*** 
PWAT 0.21*** 0.33*** -0.23*** 0.01 
DPD850 -0.20*** -0.17*** -0.03 -0.29*** 
PRE 0.21*** 0.42*** 0.16*** 0.05 
MSTAT INSTAB -0.29*** -0.01 0.05 0.15** 
ULWRF 0.27*** 0.18*** -0.10* -0.25*** 
OLR 0.11* 0.30*** -0.24*** -0.35*** 
DIVQ850 0.01 -0.22*** 0.09* 0.06 
*     indicates significance at the 95% level 
**   indicates significance at the 99% level 
*** indicates significance at the 99.99% level 
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Table 5.10. Correlations between GPLLJ areal averages and the STHTS. Multi level 
variables. 
 
DJF MAM JJA SON 
Variable r r r r 
SPFH1000 0.29*** 0.42*** -0.13*** 0.08* 
SPFH850 0.25*** 0.45*** -0.16*** 0.08* 
SPFH300 0.10** 0.05 -0.17*** -0.05 
VVEL1000 0.05 0.05 -0.04 -0.04 
VVEL850 0.08 0.03 -0.04 -0.24*** 
VVEL300 -0.15** 0.09* -0.15*** -0.32*** 
TMP1000 0.12** 0.34*** -0.24*** -0.27*** 
TMP850 0.29*** 0.41*** -0.27*** -0.26*** 
TMP300 0.57*** 0.49*** -0.24*** -0.12** 
*     indicates significance at the 95% level 
**   indicates significance at the 99% level 
*** indicates significance at the 99.99% level 
CHAPTER 6: CONCLUSION 
Climatic variability in the subtropical North Atlantic is dominated by the 
intensity, location, and areal extent of the North Atlantic subtropical high (NSTH) 
throughout the year.  The production of a persistent clockwise circulation across much of 
the basin provides northeasterly trade winds along the southern side of the NSTH and the 
midlatitude westerlies along its northern side.  Along the western edge of the NSTH 
circulation, southerly and southeasterly flow provides moisture over eastern North 
America during most of the year, while the eastern edge of circulation produces northerly 
and northwesterly flow over the Mediterranean Region and northern Africa.  The strength 
and direction of these flows are primarily a result of the intensity of the STH, strongly 
influencing the climatic variability of the surrounding landmasses.  During the cool 
seasons, especially Boreal winter, the North Atlantic Oscillation (NAO), of which the 
NSTH is the southern component, is associated with a significant amount of the 
interannual atmospheric circulation variability around the North Atlantic sector.     
 In this analysis, the hydroclimatic and circulation anomalies associated with the 
variability of the NSTH were described for areas around the Atlantic sector, focusing 
primarily on North America and the Great Plains LLJ region, the Amazon Basin, the 
Sahel/Guinea region of Africa, and East Africa.  A time series created from areally 
averaged North Atlantic SLP, referred to as STHTS, was used to define the dominant 
mode of the North Atlantic STH variability and was then correlated with hydroclimatic 
and circulation variables across the globe to produce anomaly maps for each variable.  
Positive precipitation and moisture anomalies associated with a more intense NSTH were 
expected across eastern North America and the Great Plains LLJ region, while in the 
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tropical Atlantic regions, precipitation and moisture anomalies were expected to be 
associated with the strength of the trade winds and the latitudinal location of the ITCZ.  
For East Africa, a stronger NSTH was expected to produce negative precipitation 
anomalies during the DJF due to a negative association of East African rainfall with the 
NAO found by McHugh and Rogers (2001).   
 To determine the characteristic timescales of NSTH variability, spectral analyses 
were performed upon an all-month and on the four seasonal SLPTS.  The power spectrum 
of the all-month STHTS has two statistically significant peaks with one representing the 
annual cycle and the other at approximately 4.5 years, which is typical of ENSO 
(Torrence and Compo, 1998), though Hasanean (2004) showed no significant association 
between ENSO and the North Atlantic STH.  For the seasonal power spectra, DJF shows 
peaks around 2.6-2.8 years (significant at the 95 percent confidence level), MAM around 
3.6-3.8 years (significant at the 90 percent confidence level), JJA around 2.8-3.0 and 
approximately 7 (significant at the 90 percent confidence level), while SON had no peaks 
significant at the 90 percent confidence level.  The results presented here correspond well 
with Hasanean’s (2004) power spectra, which depict a 2.3-2.6 year peak for DJF and an 
approximately 7-year peak for JJA. 
Precipitation and circulation anomalies presented in this analysis for the Amazon 
Basin and for the Sahel/Guinea region agree fairly well with results presented in Marshall 
et al.’s (2001) overview of North Atlantic climate variability and the numerous studies of 
Nordeste rainfall, Sahelian drought, and tropical Atlantic circulation (Hastenrath, 1990; 
2000a; 2000b; Hastenrath and Greischar, 1993; Curtis and Hastenrath, 1999).  Results 
presented here display anomalies indicating a stronger (weaker) STH is associated with 
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stronger (weaker) northeasterly trades, higher (lower) SLP over the tropical North 
Atlantic, and negative (positive) SST anomalies forming a tripole pattern over the North 
Atlantic.  The southern (negative) lobe of the SST tripole is located in the northeast trade 
wind region.  These results are consistent with those of  Hastenrath (1990; 2000a; 2000b), 
Hastenrath and Greischar (1993), Curtis and Hastenrath (1999). 
  These results differ from previous analyses of tropical Atlantic SST anomalies 
(e.g. Nobre and Shukla, 1996; Enfield and Mayer, 1997), which associate negative SST 
anomalies in the tropical South Atlantic with increased northeasterly trade winds and 
positive SST anomalies south of the equator; no large positive anomalies were observed 
in the tropical South Atlantic.  As suggested by Dommenget and Latif (2000), the SST 
anomalies appearing to straddle the mean position of the ITCZ in numerous analyses may 
be an artifact of the statistical procedures performed, such as using principal components 
analysis or empirical orthogonal functions to explain SST variability.  The results 
presented in this analysis suggest that a SST anomaly south of the mean ITCZ position, in 
the tropical South Atlantic, is not necessary to produce hydroclimatic and circulation 
anomalies similar to those of Hastenrath over the Amazon and Sahel/Guinea, as a SLP 
gradient is present with positive SLP and negative SSTs found north of the equator, and 
less positive SLP and warmer SSTs found south of the equator.  This SLP and SST 
gradient circulation is still consistent with stronger northeasterly trades and a cross-
equatorial flow.  
 Over South America throughout much of the year, precipitation and moisture 
content of the atmosphere increase in association with a strengthened North Atlantic 
STH.  Precipitable water values and cloudiness increase during most seasons over the 
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Amazon Basin as well as over the equatorial and tropical Atlantic, also noted by Curtis 
and Hastenrath (1999).  An anomalous clockwise flow over the Amazon Basin was also 
noted during much of the year, a phenomenon described by Curtis and Hastenrath (1999), 
and associated with increasing trends of precipitation, precipitable water, low-level 
convergence, and upper level divergence.   
 Over the Sahel/Guinea region of northern Africa, decreasing trends of 
precipitation and atmospheric moisture content are associated with a more intense North 
Atlantic STH.  Increases in stability along with decreases in the moist, southerly cross 
equatorial flow, present during the wet season in late boreal summer are related to the 
decrease in precipitation and moisture during much of the year.  Hastenrath (1990) 
showed decreasing trends in precipitation with increases of the northeasterly trades over 
this region of Africa. 
 Both the Sahel/Guinea region and the Nordeste region of Brazil rely heavily upon 
the latitudinal position of the ITCZ for rainfall during the wet season of each year.  Over 
the Sahel/Guinea (Nordeste) region, the wet season occurs during late Boreal summer 
(winter) as the ITCZ reaches its northernmost (southernmost) latitudinal location.  With a 
stronger North Atlantic STH, the northeasterly trade winds intensify and result in a 
southward shift of the ITCZ and associated confluence zone.  This most likely results in 
an increase in precipitation over the Nordeste region and a decrease in precipitation over 
the Sahel/Guinea region, trends noted by Hastenrath (1990) and Curtis and Hastenrath 
(1999). 
 Over North America, hydroclimatic and circulation anomalies associated with the 
North Atlantic STH are much more difficult to describe in relation to the possible 
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mechanisms involved.  The heterogeneity of the terrain across North America and the 
Great Plains LLJ region as well as the extremes of climate from the warm to cool seasons 
in the interior of the continent may play a role in the difficulty of interpreting these 
complex relationships.  Over the south central U.S., increased precipitation and moisture 
content occur during the warm season in the southernmost locations of the LLJ, though 
increased moisture transport into the continental interior associated with the LLJ and the 
NSTH are not evident. 
 In the northern Pacific Ocean, several remote anomalies associated with a 
stronger North Atlantic STH were worth noting.  A reduction in the circulation of the 
Hawaiian High over the subtropical North Pacific tends to be associated with a stronger 
NSTH.  The mechanisms related to this or the timescales involved are beyond the scope 
of this analysis.       
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